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Abstract

Inter-hospital transport of premature infants is increasingly common given the centralisation of neonatal intensive
care. However, it is known to be associated with anomalously increased morbidity, most notably brain injury, and with
increased mortality from multifactorial causes. Surprisingly, there have been relatively few previous studies investigating
the levels of mechanical shock and vibration hazard present during this vehicular transport pathway.

Using a custom inertial datalogger, and analysis software, we quantify vibration and linear head acceleration. Mounting
multiple inertial sensing units on the forehead and torso of neonatal patients and a preterm manikin, and on the chassis
of transport incubators over the duration of inter-site transfers, we find that the resonant frequency of the mattress and
harness system currently used to secure neonates inside incubators is ~9Hz. This couples to vehicle chassis vibration,
increasing vibration exposure to the neonate. The vibration exposure per journey (A(8) using the ISO2631 standard)
was at least 20% of the action point value of current EU regulations over all 12 neonatal transports studied, reaching
70% in two cases. Direct injury risk from linear head acceleration (HIC;5) was negligible.

Although the overall hazard was similar, vibration isolation differed substantially between sponge and air mattresses,
with a manikin. Using a GPS datalogger alongside inertial sensors, vibration increased with vehicle speed only above
60km/h. These preliminary findings suggest there is scope to engineer better systems for transferring sick infants, thus
potentially improving their outcomes.

Keywords
vibration hazard, shock hazard, linear head acceleration, neonatal, brain injury, monitoring, intra-ventricular
haemorrhage

Introduction may be one of the key injury mechanisms. Indeed, a
number of animal studies have highlighted the adverselnealt

Newborn inter-hospital transfer is important in order témplications of vibration upon the respiratory systeshdnd
provide the centralised neonatal intensive care delivaredcardiovascular statug); In a study of mechanical resonance
many countries. In the UK, over 16,000 neonatal transfeirs the adult brain, Laksai et al stated “our findings suggest
occur every year and these are on the increase. Babiesadangerous frequency, around which relative brain motion
transferred within a trolley mounted incubator, which iss maximized” ). Grosek et al §) found “an association
heavily laden with equipment. Secure mechanical fixatidretween daytime road transport and higher heart rate and
of this unit gives gives improved safety in the event of peripheral blood leukocyte counts, which may be related to
crash or rapid deceleration, and is provided by mountirspme particular (but unidentified) stress of road ambulance
points in the ambulance floor into which the trolley idransfer”in a study of 48 transports. Hypothetically, tiiay
then clamped. However, although these precautions netigat turn result in fluctuating blood flow to brain. Fluctuat®n
against injury in the event of a road traffic accident, even
in the absence of such events, a number of studies have
demonstrated an increased rate of mortality and morbidity
fOHOWing neonatal transfer between hospital sités Z; 1Bioengineering Research Group, Faculty of Engineering, University of
3). Of particular concern is the association with braiNottingham, University Park, Nottingham, UK.
injury, for example Levene et al found an anomalousﬁﬁcademic Child Health, School of Medicine, E Floor East Block,
high incidence of Intra-ventricular Haemorrhage (IVH) irfueen’s Medical Centre, Nottingham, UK. ,

L Dyson School of Design Engineering, Imperial College London,
outborn_anq transferred, compared_ with mborn_ neondes (c,pipiion Road, London, UK.
These findings have led to questions regarding other legSntre Neonatal Transport Service, Leicester and Nottingham
obvious hazards encountered during transpByt As the university Hospitals NHS Trusts, UK.
incubators, equipment and staff used during transports are
very similar to those in the Neonatal Intensive Care Ung rresponding author:
(NICU), and therefore the care provided remains unChanggﬁwn Crowe, University of Nottingham, Tower Building, University Park,
it is suspected that vibration and linear acceleration (i.Rottingham, Nottinghamshire, NG7 2RD, UK.
mechanical shock) conditions encountered during tramsp@amail: john.crowe@nottingham.ac.uk
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in cerebral blood flow are an important mechanism for IVH These sensor cables incorporated two small (1cm x 3cm
and subsequent poor neurological outcof® ( x 2cm) enclosures spaced along their length, with a third

In order to be able to mitigate against the deleteriognaller sensor board placed at one end, and encapsulated
effects of transport, improved knowledge of the damad@ biocompatible (ISO10993) silicone resin. Each enclesur
mechanism would be beneficial. The relative hazard pose@ntained inertial sensors: a three axis accelerometer
by ‘shocks’ (that cause rapid relative motion betweet\DXL345, Analog devices, Northwood, MA, USA.), and
skull and brain and hence damage to connective tissud)three axis rate gyroscope with build in temperature
versus relatively long-term continuous vibration (and it§ensor (ITG-3200, Invensense Inc., San Jose, CA, USA.).
effect upon the body’s control systems, which may produd® reduce the size of the resin encapsulated sensor for
physiological responses) are unclear. forehead attachment (where a large sensor could potgntiall

A number of previous studies have quantified vibratioffduce resonant modes), a combined accelerometer and rate
exposure during inter-hospital transport. Shenai et2a) ( 9yroscope IC was used (LSM330, ST microelectronics,
studied vibration during neonatal transports using eﬁeneva, Switzerland), this sensor h__ada14mm ogterdlameter
abdominal accelerometer. RMS vibration power spectrdl'd 3 gram encapsulated mass. Fig a labelled image of

density was computed, concluding that vibration exposufia® complete system. By incorporating multiple sensorsunit
reaches high levels compared to adult workplace limit{!t© a single assembly, aligned datasets could be recosded b

Campbell et al?1) measured similar vibration magnitudes® Single datalogger, dramatically improving ease of use and
their analysis method differing from Shenai by use of gducing the potential for mislabelling in the field.

multi axis accelerometer, whilst Gajendragadkar etig) (19 2 is a labelled image of the system installed on
used manikins together with 3 axis accelerometers (on t¢ 800 gram, 25 week neonatal manikin used in all
manikin's head and transport incubator chassis) to measff@nikin transports (a LifeForm micro-preemie, Nasco Inc,
both vibration exposure during different transport ropgesl  FOrt Atkinson, WI, USA.). The LifeForm micro-preemie
the isolation properties of mattress configurations. Harev!S designed to mechanically simulate a neonate, and was
these studies did not use standardised methodolog‘?égployed'nthe study for ethical re_asonswhere non-stalnd_ar
to quantify the hazards associated with whole bo(ﬂ)’ocedures may have posed a risk. However, mechanical

vibration: Shenai was limited by single axis measuremenf&cUracy in terms of vibration transfer is not claimed by the

Gajendragadkar failed to validate manikin models agairf?lam;'facwrer' _
patients; and all three failed to use standardised axis™ S-K:.I-P” hamess (SKIP Harness Ltd., 447A Riddell
dependent frequency weightings. Road, Glendowie, Auckland, New Zealand), which is

This study aims to provide a baseline assessment of trr(])éjtlnely used as a patient safety restraint is seen in this

exposure of neonates to head and torso vibrations, and Iinlea'?/lge'. . . L
. . anikin and neonatal transports used identical incubator
accelerations, that is comparable to both current assegssm

of vibration in the workplace (SO 2631-1:1997), and t§DraegerA|rSh|eIds TI500), and sensor configurationd wit

: C . ; one sensor enclosure being attached to the incubator shassi
traumatic head injury in vehicle accidents (HE Although L2 .
) referred to as the chassis site), one to the torso in contact
extrapolating these adult standards to unwell neonates ma . . o .
with the ribcage, and finally the silicone resin encapsadlate

be challenging to interpret, it does offer a means of anSlIySé'ensor being secured to the centre of the forehead.

that is well grounded. '
L . . The accelerometers and rate gyroscopes were configured
A secondary objective is to begin to address the questig o largest possible measurement ranges-b6g and

asto Whether transport could ,be made safer, for ex""mple,Q%OOO’{1 respectively. These were found to be more than
a reQeS|gn of the incubator or its components, or by exert”&%equate for the conditions encountered during transports
routing and speed control over the ambulance’s journey. ith the magnitude of the largest acceleration being; 6.5
Therefore we will also assess the contribution of thgnd |argest angu|ar rate being 8@01 It was not possib|e
mattress type, the road type, and the vehicle speed upon{he&un all the sensors at their maximum sampling rates
vibration exposure to the neonate. due to hardware limitations, so the head mounted sensor
was prioritised, with a high sensor bandwidth of 800Hz
used for the LSM330 accelerometer (Tafje It should be
Method noted that this is still lower than the 1kHz specified in the
HIC,5 standard, meaning that Hj€impacts may have been

Design and assembly of a datalogger for MEMS slightly underestimated by the sensor.

inertial sensors

As no off-the-shelf device suitable for use in these studié&’©C€SSINg of MEMS sensor data

could be found, a datalogger was custom built to recokhalyses of vibration and linear acceleration hazard
acceleration and angular rotation rate over the course pdtential were conducted using the 1SO 2631-1:1901 (
neonatal transports and routine vehicle transfers betwessmd HIC (Head Impact Criterion)1@, 13) standards
UK hospital sites. This was a two part device, consistingspectively. MEMS accelerometers have significastt.(.g)

of 1) a base unit containing the power supply (sufficiertero acceleration offsets due to manufacturing tolerances
for 24 hours operation) and data storage elements, and 2ral their sensitivity typically differs from the published
set of swappable plug in cable assemblies (2 meters lorgpecification by several percent. Offsets typically change
incorporating Micro Electro-Mechanical System (MEMSwith both sensor temperature and device ageing, and so high
sensors. accuracy calibration can be challenging. For this reason an
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Base unit
Forehead sensor
Figure 1. Labelled image of the inertial datalogging system.

orehead senso
(beneath hat)

Torso sensor

Figure 2. Labelled image of the sensors installed on a neonatal manikin.

. Sample | Anti-aliasing | Raw
Location Sensor type Manufacturer Part No. rate (Hz) filter(Hz) bits
Forehead A;Cf'eéome;er ST Micro. Lsm330 | 1690 800 12
ate Lyro 380 100 16
Temperature
Accelerometer Analogue ADXL345 100 50 13
Torso & devices
Chassis | Rate Gyro & Invensense | ITG-3200 | 100 42 16
Temperature

Table 1. Summary of sensor configuration.

accelerometer gain and offset compensation algorithm waéisterton and Weston1{4) was trialled for sensor calibration,

used to estimate gain and offset correction terms for ealstit required each sensor to be held stationary for several
accelerometer sensor axis on a per journey basis. The simg#geonds in six different orientations, a complex procedure
6 point accelerometer calibration process described that was found to be unreliable when attempted in the field.
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For this reason a “calibration free” approach was takepatient was in a reclining position, and that the ambulance
requiring no explicit calibration manoeuvres at any pointhassis was horizontal. Although neither of these conaltio
The built in fminsearch function from the GNU-Octave will be completely satisfied in practice, it was judged that a
environment was used to optimise a six component vectbeviations of the vehicle from horizontal were likely to be
(consisting of 3 offset terms and 3 gain terms) so as & short duration and limited tilt angle (likelx5°), making
minimize a cost function defined as the median differen¢leem a less significant cause of mis-modelling than imperfec
between the lengths of the corrected acceleration veatars patient orientation relative to a true reclined position, a
1g. The procedure converges on the correct gain and offeetor source that cannot easily be controlled. It should als
values under the condition that the median true acceleratioe noted that the ISO 2631 specification states that “the
is of magnitude 1g, and performed reliably in real worldensitive axes of transducers may deviate from the preferre
application to the recorded datasets. axes by up to 15where necessary”. In the world or NED
frame, North was treated as patient z axis, East as patient
ISO 2631-1 vibration analysis For the application of ISO y, and Down as the patient x axis. The 1ISO 2631 weighting
2631 vibration weighting, the horizontal plane frequendfiters could then be applied (using the algorithm described
weighting function, W, and vertical plane function, ¥ by Rimell and Mansfield15)), giving weighted outputs at
were used with torso and forehead data. The motion sicknéiss raw accelerometer sample rates.
function, W;, was not considered as its appropriatenessFurther windowing of weighted data into 10 second
was unclear, and head weighting used, &5 opposed to intervals, followed by calculation of the RMS vibration on a
the W; head vibration function, as there was a soft pillower window basis was then undertaken, allowing analysis of
beneath the head in all transports. Weightings were appligifiration as a function of road class and vehicle speed, with
using scripts running in the GNU-Octave environment, witthe ten second period being chosen based upon consideration
filter coefficients generated using the procedures outlayed of typical vehicle acceleration. Calculation of crest taend
Rimell and Mansfield15). eight hour equivalent vibration exposure, or A(8) procekede
As ISO 2631 defines sensor axes relative to a standasiper ISO 2631 (7.2.3).

body position, movement of the patient and practlcaIH|C15 analysis of linear head acceleration The Head

considerations when mounting the transducers on the matiﬁﬂpact Criterion (HIC) is defined by the NHTSA (National
created a significant challenge. This problem was overco hway Traffic Safety Administration)1), Chapter 2
psing a s.ignal processing algorithm (S".“”ar to those us C is the acceleration iy units integratec,i with respect

in auto-pilot gystems) t_o track _orlentatlon af‘d transfor% time over a rolling window, and raised to the power of
the acceletrat[[cr)]ntdata Into \(/jertlc_:%l ?gg f;%gzlontal_ ?}I?%S following normalisation with respect to the integratio
components that correspond wi weig In;9(eriod (equationl). HIC can be defined over arbitrary
schemes. The three axis sensor data from the acceleromﬁﬁﬁow lengths, these usually being denoted in ms using a
and rate gyroscope on each sensor were transformed fr L%script. HIG;,,was implemented as 15ms is a common

“sensor body” (x,y,z) or local sensor axis co-ordinates t0\Bndow length, used in for example the EEVC working
fixed “world” co-ordinate system (N, E,D) of fixed horizontal ’

(North, East) and vertical (Down) axes. group report (7).
The orientation tracking algorithm is illustrated schemat to a(t)dt 2.5
ically in Fig 3. An Extended Kalman filter (EKF) was HIC = (to — t1) ltli] 1)
used, with a 7 component state vector consisting of three t2—t1
gyroscope bias termby{ , ., the estimated rate gyroscope H|C,; was assessed using the head sensor accelerometer.
output in a stationary state), and estimated attitude quatg rolling window method was used to process thg,Aq
nion (sensor body relative to world co-ordinate system). liccelerometer data (which was gain and offset compensated
most previous strap-down IMU systems, a magnetometgid rotated into world space, but not changed in magnitude
has been used to allow orientation around the vertical ax§ the quaternion rotation), with local maxima of HIC above
(yaw) to be determined. No magnetometer was used heregafreshold of 0.3 being logged.
absolute heading was not required for sensor re-orientatio - Although extrapolation of HIg thresholds down to
The orientation tracker is based on the algorithm describadonatal patients is difficult, extrapolation to newborm an
by Foxlin ((16) Fig 2, the "Direct Kalman” approach), 12 month old subjects has been attempted, for example
with modifications: no magnetometer; and the acceleromet®spinger et al suggested a limit value of 390 for 12 month
measurement error covariance matrix scaled using tbel subjects 13), and noted that values as low as 200
absolute difference between the magnitude of the measurete been suggested elsewhere. Using the fortayla =
acceleration and a 1g acceleration (i.e. 9.8f)s This )\3-5 — )\21'5, where Ag;¢ is the scaling factor for HIC,
covariance scaling reduced the influence of prolonged; is for tissue mechanical maturity, ang, is for length,
vehicle acceleration on gyroscope bias and orientation,Jahannsen et alLf) discuss scaling of HIC with age (from
prolonged period of acceleration leads to a non verticede validated Q3 dummy, and with data from the CASPER
acceleration vector (biassing the filter), but also to gmvoject). Using tensile strength data for a 22 week foetus
acceleration with magnitude greater than 1g, allowing suelhd the dimensions of the manikin used in this study gives a
acceleration events to be identified and assigned a high eoaling factor of\;; ;¢ = 0.13. Applying this scaling factor
when input into the EKF. to those validated for the Q3 dummy gives injury thresholds
Once the acceleration vectors had been rotated into hieHIC,5=99 and 130 for 20% and 50% risks of an AIS 3+
NED frame (A,.-q4 in the figure), it was assumed that thenjury respectively. The European Enhanced Vehicle-$afet
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Figure 3. Flow diagram showing data flow through the orientation tracker.

Committee (EEVC) working group 12 and 18 repotf Selection of patient and manikin transports

reaches very similar figures using the CHILD project dataset ) . - .
A convenience sample was recruited, consisting of infants

requiring transfer by the CenTre transport service between
Analysis of vehicle speed and road class An off-the-shelf Trent Perinatal Network neonatal units. Patient inclusion

GPS datalogger (M-1200E, Holux Technology Ltd, Taiwang,rite.ria were pragmaFic, including all infants who Wereemar.
installed in the vehicle cab recorded vehicle position ard’ in & neonatal unit and required transfer, but excluding
velocity over the course of all journeys. As data collectiof0Se undergoing palliative care. Manikin studies toolcgla
took place over several months, a correlation technig@® @mbulance journeys when no patient being transferred
(between vibration and GPS vehicle speed) was employ@&- before or after transferring a patient), allowing she

to ensure correct data alignment (to within 5 seconds).  journeys to serve as direct validators: using the same
transport system, vehicle, and routes. The CenTre service

Road ~ classification used the  open acce?‘8utinely uses a sponge mattress for transfer and a “S.K.1.P

nominatim Server run by openstreetman, ,ness as the patient safety restraint.
(nominatim.openstreetmap.org/reverse) to convert GPS

positions to location descriptors, which were then passed'® investigate the influence of mattress type upon
back to the server to find the nearest object described \4gration, the manikin studies were divided into three
a “way object” (implying a road). As this takes severad’OUPS, which used: the stocl_< Draeger incubator mattrgsses
seconds, optimised querying was employed: the raw G@sPolyurethane foam material (sponge) also used in all
data (a 1Hz time series record) was interpolated to ngonatal patlenttra_nsports; gel mattresses (SquishdipsPh .
physically uniform sequence of points, one per 100m (l)-fealthcare_); and air mattresses (Repose Babynest, Rrontie
travel, and binary search applied to identify transitioingo 1 herapeutics, Blackwood, UK).

between road classes with minimal queries. Retrieved “wayThe journeys studied were within a group of 16 hospital
objects”, passed back from the server as xml files, wesées, and all but four of the routes were unique. The UK
finally processed with string matching, and classified as otransport fleet consists of numerous vehicle types, but to
of nine road types; motorway, expressway, trunk, primarminimised confounding effects, transports were constiéin
secondary, tertiary, tertiary link, service and unclasdifi to a single vehicle make and model: Volkswagen LT-35 (3L

To explore the influence of road class and vehicle speéi§Se!)- The LT-35 has dual wishbone front suspension with
upon vibration, the 10 second RMS weighted vibratioft |€af sprung rear live axle, a layout used in most of the UK
intervals were matched to the corresponding road class afffticle fleet, and identical to the Chevrolet P-30 employed
vehicle speed, and then binned to calculate the total numijef Previous study by Shenai et atj.
of intervals (and thus travel duration) falling within a ggn~ Informed consent was obtained in writing from the
of RMS vibrations (0.1ms? increments), and vehicle speedgatient’s parents or legal guardian before all neonatapat
(10km/h increments) for the entire dataset. transports commenced.
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Results an incubator ventilation fan which was turned off during

. nikin transports. The vertical axis spectrum at the torso
Data was recorded from a total of 35 ambulance journeys, [1?1 recorded during neonatal ransport @&iyshows ver
of which were neonatal transports, with the others using the g b Y

manikin. Total duration was 34 hours, with journey distanc ood agreementto the results published by Shenail 13 ((
: ' ig 1) who used a piezoelectric accelerometer with a 2Hz to

being between 45km and 200km. The 12 neonatal transp 2 bandwidth at the same sensor site

involved a total of 10 patients, birth gestation range 242 c 4 to the incub hassi | density in th
41+2 weeks, and weight range 0.9-4.6 kg, median 1.9 kg. ompared to the incubator chassis, spectral density in the
3 to 20Hz range is up to four times higher at the torso and

The forehead sensor data from three manikin journe}/s : N o o

. : . orehead sensor sites, indicating that vibration is angulifi

was found to be corrupted due to intermittent faults with the : S 2 )
over this spectral range. This finding is in agreement with a

sensor cabling, leaving 32 journeys with data from all threg ~ . . ; .
sensor sites. Out of the manikin transports, 10 (includingFget\f['r(;iz Sst;;}érgya?n?ﬁf?géa\?izfgggftrr?:)g(nlirt]u\gglgz tfgec}:tors
with forehead sensor data) used a sponge mattress, 7 (6 wi etween 2.2 to 3.4 (sponge) and 1.1 to 2.1 (gel type).

forehead sensor data) a gel mattress, and 6 an air mattres%. . . ) .
owever, this previous study is not directly comparable, as

. ) . it compared RMS values computed from 50Hz low pass
Frequency space vibration analysis filtered acceleration data.

Fig 4 shows a spectrogram (using ten second bins) of To analyse exposure hazard, a model was used consisting
vibration at the forehead site over the course of a typicaf an input “chassis level” function (the RMS vibration
manikin transport with sponge mattress. The x, y, andspectral density at the chassis site), passed through a
sensor axes are mapped to red, green, and blue respectili@guency dependant weighting function {\ir W, as per
in the image, meaning that the colour separation indicaté30 2631), and finally through a site and configuration
vibration along different axes. dependent gain function (computed from the study data)
Several features correspond to events noted during tmedelling resonant effects between the incubator chassis
ambulance journey: 1) periods of very low vibration wheand the neonate or manikin. Overall RMS vibration at the
the vehicle was stationary (vertical bands, e.g. at time A)ead and torso sites could then be calculated for the various
with the engine idling during some of these (e.g. time BJnattress configurations. Compared to a direct comparison
this leading to horizontal line C at approximately 7Hz wittpf weighted RMS vibration between study groups, this
14Hz harmonic D; and 2) short periods of broad spectrufethod reduces confounding effects from journey to journey
noise. There are two short periods of broad noise, at timé¥/iance in chassis vibration, allows for insight into the
E and F, which correspond to times when the manikin arfdigin of the vibration hazard, and enables evaluation of
datalogging equipment was repositioned, leading to shé@nfigurations that were not part of the original dataset. It
mechanical shocks. The vibration occurs along two distingtay thus be possible to extend the analysis to configurations
bands; G at 1.5Hz, and a band spanning 6.5Hz (H) to 138#ch as neonate with air mattress, although this was not
(1). This second band has clear colour separation betwedifempted as differences between the manikin and neonates
H and |, indicating that the vibration axis is frequencyvere minimal.
dependent and thus this band may be the result of multipleFig 5¢c shows a 45% reduction in the amplitude of the
resonances. Most vibration energy was concentrated betwdebHz peak during neonatal transport. It would appear that
5Hz and 20Hz. The fact that colour of the engine vibratiodirivers may have been more attentive to road conditions
harmonics during of idling matches that of the bands and vehicle vibration during patient transport, a hypathes
approximately 7Hz and 14Hz (when the vehicle is in motiorgupported by the reduction in both frequency and amplitude
suggests that these bands may originate from the enginephthe higher frequency (engine vibration related) peak. Fo
the vibration direction is similar. The lower frequency Hanthis reason two “chassis level” spectral density functions
G appears to arise from resonance of the vehicle suspensiware generated, one from manikin transports, the other from
In Figs5 ands, vibration spectral density has been plottefieonatal transports.
following subdivision of the data according to sensor site, Application of the frequency weighting functions yW
axis (horizontal plane or x/y, and vertical or y axis), anand W; to the chassis vibration is illustrated in Fig
journey type. Journeys were divided into four types; threé as the “Weighted level”. The peak in vertical axis
manikin types according to mattress configuration (spongegighted vibration spectral density at around 12Hz can
gel, or air), and neonatal transports as a fourth group€thd¥® seen to dominate this damage potential function.
used the sponge mattress). For each sensor site and each bagiress configurations, driving styles, or vibration damgp
RMS vibration spectral density was calculated by averagimgrangements which minimize the amplitude of this peak,
the appropriate data from all of the journeys of each &¥ould appear to be a promising route forward if a reduction
the four journey types. These types are indicated accordiingoverall vibration exposure level is desired.
to the figure key. Two very distinct vibration peaks can The vibration gain functions were calculated between
be seen in the figures. The lower frequency peak aligtite incubator chassis, and the forehead and torso sensors
closely with the band identified earlier in the spectrogratny dividing torso and head spectral density functions by
as G, and likely originating from resonance of the vehicldhe chassis spectral density. This allowed for assessment
suspension. The higher frequency peak spans the 7 to 14¥dith of the effects of different mattress configurationsrupo
region which was earlier identified as likely originatingrin  vibration attenuation, and of the validity of the manikin as
the engine and transmission. The small spike at 26Hz anmechanical model through comparison with the neonatal
the neonatal transports was found to have originated frqmatients.
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Figure 4.

RMS Vibration (ms'ZHz'O'S)

Figure 5.

RMS Vibration (ms'sz'O'S)

Figure 6.
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a) Vertical axis b) Horizontal plane
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Figure 7. RMS chassis vibration in vertical axis and horizontal plane, before and after application of ISO 2631 weighting functions
Wiy and Wy.
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Figure 8. \ertical (z) acceleration gain between incubator chassis and neonatal and manikin head sensor.

Fig 8 plots vibration gain between the incubator chassief the sample group is unlikely to have a significant impact
and both the manikin (with sponge mattress) and the neonatalthe results..
patients. Although the two gain functions deviate by up to
3dB (~40%) in places, there is a less than 1dB10%)
deviation over the 10Hz to 18Hz frequency band, whe
gain is highest and the majority of the damaging vibration
concentrated (Figc). The spike around 26Hz in the neonat
trace is caused by the raw data peak identified earlier (aﬁg
originates from a fan). Given the close match between gai ]

it appears that the manikin is an appropriate model for t Ben at 7Hz for the air mattress and around 10Hz for the

assessment of neonatal vibration exposure. The close ma&fﬁer mattress configurations, with a peak gain of between

is also notable given the large range of patient MassSesACIPS, 4 54B in the vertical axis for both the sponge and gel

the study group (0.9-4.6 kg), which did not overlap with thrﬁwattress, and the neonatal transports, with a considerably

0.8 l;? mfafmikin _rrt:as§. Tgis indicates dthhat pﬁtiint mass o ther peak for the air mattress in the vertical axis (10dB fo
weakly affects vibration damping, and that the heteroggneyy,q o 4q at 7Hz). The response rolls off at higher frequencie

at approximately 15dB per decade in the vertical axis (i.e.

Vibration gain (in decibels) was also calculated between
the incubator chassis and the forehead and torso sensor for
tfie four different journey types, and is plotted in Figand

. The plot lines (left hand side axes), are vibration gains
dB, and the dB scaled chassis sensor vibration spectral
nsity, or “Chassis level”, is plotted as a shaded backygtou
ght hand axes). A gain peak (indicating resonance) is
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Figure 9. Vertical (z) acceleration gain between incubator chassis and head (a), torso (b). Plotted versus frequency for all four
journey types.

Manikin with sponge

l""’*r'l\,,’l;v“"in;,\ :‘;I
L

Vibration gain (dB)
s
[

T S S e 1R L

12 |1 |

Frequency (Hz)

Figure 10. Horizontal plane (X, y) acceleration gain between incubator chassis and head (a), torso (b). Plotted versus frequency for
all four journey types.

slightly lower than a first order roll off), and around 20dBnanikins; for the neonatal transports, air lines etc. nedxbt
per decade in the horizontal from 5 to 35Hz (first order). attached, changing the mechanical coupling to the head.

It is notable that, although there is a 7dB peak at 14Hz in Another significant feature seen in the two vertical axis
the horizontal axis for the gel mattress which is not presegain plots is that peak gain occurs at a lower frequency than
for the sponge mattress, the vibration gain of the gel negttrepeak “Chassis level” (i.e. chassis vibration spectral dgns
is similar to the sponge mattress, with the gel gain beimuring manikin transports) for all four transport typesr Fo
within 2dB of the sponge over most of the plotted frequenayeonatal transports the peak vertical vibration density, o
range, thus suggesting that the sponge and gel mattres€dsassis level (neonatal)”, occurs at approximately 12Hz,
are mechanically similar. It is suspected that the large 7d8ver than the 14Hz peak of the “Chassis level”, and
deviation in horizontal plane attenuation at the head siteughly coinciding with the resonance peak of both the
around 7Hz (where the large resonance peak is stronglyonge and gel mattress with manikin, and the neonate (with
damped in the neonates) may be related to the differeaptonge mattress) configurations, meaning incubator chassi
procedures used to secure the neonates as compared tovitation will drive the mattress and manikin/neonate sgrst
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on resonance. However, as the peak in air mattress gairf€.5ms2 for A(8) occupational exposures to whole-body
at a considerably lower frequency of 7Hz, it avoids such asibration (Griffin et al 0)).
effect. ISO 2631 warns that A(8) may prove inaccurate in the

Finally, the two frequency weighted chassis vibrationase of a high crest factor (the ratio of peak filtered vilorati
spectral density functions (Fig) were scaled using the magnitude to RMS vibration over the exposure interval).
vibration gain functions (Fig8 and10), and the overall RMS A fourth power integration method is suggested as more
vibration at the head and torso sites calculated for the foappropriate in cases where crest factor is greater thant9, bu
mattress configurations (manikin with sponge, gel, and afourth power exposure values are more difficult to interpret
neonate with sponge) and two chassis level functions (fGrest factor was calculated on a per journey basis, and was
manikin and neonate driving styles). greater than 9 for the majority of transports (Eig).

The resultant RMS vibration is plotted in Fig. Several  Asitwas hypothesised that crest factors may be biassed by
features are seen: the vertical axis vibration dominatasmall number of acceleration events during vehicle lagadin
overall exposure; the small changes in driving style durirgnd unloading, the raw acceleration data was processed to
the neonatal transports reduced vibration magnitude Rytate instances of high acceleration. This analysis ikqao
approximately 30%; the air mattress results in an incraasein Fig 13, and supports the hypothesis, with shock events
vibration exposure with the neonatal driving style; andéheclustering around the start and end of journeys. Note that
is virtually no difference between the manikin with spongeensors were secured to the manikin or neonate prior to the
mattress, manikin with gel mattress and neonate with spongalogger being turned on, and before the transport yrolle
mattress. Use of an air mattress results in only a modest vas then loaded into the transport vehicle. This process
15%) reduction in vibration with the manikin driving style.was repeated in reverse order once the vehicle reached its
RMS vertical axis vibration is well above the 0.315Ms destination, with the datalogger turned off prior to sensor
comfort limit specified in 1ISO 2631, with horizontal planeremoval. Thus the captured events are believed to represent
vibration falling well below this limit. real accelerations, rather than simply attachment andvaimo

Thus, as well as illustrating the severity of the vibrationf the sensors. Exclusion of 5% of the data at the beginning
experienced during neonatal transport, these preliminayd end of each journey to avoid inclusion of these clusters
results also suggest that replacement of sponge mattregsegred median head crest factor to 7.8 and torso to 8.9. For
with air or gel mattresses may not be beneficial, the gtHese reasons it would appear that A(8) is an appropriate
mattress does not result in any significant reduction imeans of assessing cumulative exposure, as median crest
vibration exposure, and the air mattress results in sightfactors over the middle 90% of the transport period (when
increased vibration exposure when the vehicle is drivehe vehicle was in motion and the patients were exposed to
within a low engine rpm range. Furthermore, the gel mattreise majority of the hazardous vibration) are below 9.
has a considerably higher density (approx 1gram/ml) thanA(8) exposures were calculated from the weighted
the sponge (approximately 0.2grams/ml), presenting a@celeration data on a per journey basis. FromiFigand
increased risk of injury in the event of a road traffic accidem 4, 2 journeys saw an A(8) vibration exposure magnitude

greater than 0.5m¢ at the forehead. These did not include
HIC,5 data any neonatal transports. Vibration exposure to the torso

HIC,5 values were extremely low across the entire datase as slightly worse, with 4 transports exceeding 0.5fs

For this reason a more detailed analysis of the jl@ata aithough again this included no neonatal transports.

was not conducted. Out of the 12 transports with neona{&avertheless, the fact that neonatal exposures approach th

patients, HIG; exceeded a threshold of one on only fou\E/)vorkp_lac_e_exposure limit for healthy adults would appear to
e a significant cause for concern.

journeys, with a maximum value of 9.3 being seen at the
forehead sensor on one journey. The majority of patient
transports saw no HIG impacts above a threshold of 0.3 Analysis of vibration versus vehicle speed and
and the maximum HIG at the forehead sensor site duringoad class

manikin transports was 13.1. These values are well bel . L .
o ehicle vibration is plotted versus vehicle speed and road
both the accepted limit value of 700 for adulis3), and the - - N :
class in Figl5. The binning procedure used in this analysis

scaled value derived in section of 99 for 20%risk of AIS 3+\ivas outlined in section . As a relatively large period of time
Since the maximum HIG values for neonatal (9.3) and : ylarge p

o : was spent with the vehicle at low speeds on minor roads, a

manikin (13.1) transports were an order of magnitude smalle =~ >V~ : .
. . . logarithmic colour bar has been used in one of the figures for

than these thresholds, it would appear to be highly un“keefarit

that linear acceleration shocks will directly lead to sfgaint

traumatic head injury. Maximum recorded vehicle speed was 131km/h, with 99%

of travel time spent below 112km/h (70mph), and a median
- speed of 75km/h (47mph). Vehicle speed was strongly
A(8) exposure statistics related to road class; speeds exceeded 90km/h over only a
The A(8) metric is defined in 1ISO 2631, and measuragry small proportion of A road travel time, whereas almost
cumulative Whole Body Vibration (WBYV) exposure,all motorway and expressway class travel was between 80
normalized to an 8 hour equivalent period using a nonlineand 120km/h, and most minor class road travel was below
scaling. WBV is defined as the quadratic mean of the0Okm/h. This complicates any analysis of the effect of road
weighted horizontal plane and vertical axis vibration. Thelass upon vibration. At a given speed, vibration might be
EU vibration directive defines a daily exposure action valiexpected to be inversely related to road grade, but any such
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Figure 11. RMS vibration in vertical axis and horizontal plane, after application of ISO 2631 weighting functions and vibration gain
to the two chassis vibration density functions. The dashed horizontal black line de-marks the ISO 2631 “comfort limit” of 0.315
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Figure 12. Crest factors (ISO 2631 standard).

effects appear to be small. Comparing Fitfsc and 155 idling when the vehicle was stationary (e.g. Hy this

lower class roads have a slightly higher median vibration stiggests that engine vibration may be the most significant

vehicle speeds between 5 and 50km/h, suggesting a poasiération source at these speeds.

ride on B and lower class roads. Any comparison in ride

quality between A and expressway/motorway classes (FigAlthough it complicates analysis of the influence of road

15b) is impossible as there is no significant overlap itype upon vibration, the very strong dependence of speed

speed ranges. From Fidpg the vibration distribution during upon road type leads to important conclusions regarding

periods when the speed was 0 to 10km/h is very similahoice of transport route; for example if a speed above

to that at speeds below 70km/h. As the engine was usudiykm/h is desirable, then a route involving express-way or
motorway class roads should be chosen, as lower speeds are
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Figure 13. Shock events (defined as a greater than 2g acceleration sustained for more than 20 or 100ms) over the course of all
transports, time normalised to journey duration.
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Figure 14. Histogram of A(8) exposure for all journeys.

found on ‘A’ classes. To further investigate the relatidpsh distance, but there is a considerable amount of oscillation
between vehicle speed and exposure, the median ahd medianline. However, vehicle speed in the 80 to 110km/h
quartiles of the weighted forehead vibration were cal@dat range appears to be near optimal.

as a function of vehicle speed (using all data recorded overln summary; simply restricting maximum vehicle speed to
all road classes), and are plotted in Eigj(left subplot). the UK motorway limit of 113km/h, and otherwise driving

As speed increases, a continual upward trend in vibratigh the highest speed road conditions allow is likely to resul
is evident, with an increasing gradient. To model thi® Minimization of V|brat|on exposure to p_at!ents during
potential influence of vehicle speed upon health risk, tHE2NSPOrt. Transport distances should be limited to below
vehicle range (in km) before the cumulative A(8) exposure Okm (125miles) or shorter if there is likely to be signifita
the patient exceeded a threshold of 0.5fhwas calculated travel at <60km/h (37mph). Routes should be chosen to
for each vehicle speed. Range at the median exposure |dimize duration rather than distance.
is plotted as the blue dashed trace (on right subplot), amd th )
quartile as the green dashed trace. Conclusions

From the figure it can be seen that a vehicle speed belMe have demonstrated that a custom made datalogging
60km/h would increase A(8) exposure, due to the increasggstem for use with MEMS sensors can be successfully
journey time. Optimal vehicle speed is unclear; the mediateployed in the field to measure shock and vibration during
range peaks at a speed of 110km/h, so it appears that vehiolgtine neonatal patient transports between UK hospital
speed above this results in higher A(8) for a given journejtes. Data has been recorded at an appropriate sample rate
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Figure 15. Forehead vibration versus speed.
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Figure 16. Median vibration and quartiles versus vehicle speed (a), and vehicle range before A(8) exposure limit exceeded (b).

for the duration of a total of 35 journeys, of which 12 werematal transports, and the remainder inter-site vehicle
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transfers using a manikin together with three differer@nd incubator design may be the most promising route
mattress configurations. for reducing patient vibration exposure. The vertical axis

Throughout this study, vibration assessment standamgsonant frequency of the incubator/mattress system was
designed for adults in the workplace environment have beapproximately 10Hz with a sponge or gel mattresses, with
employed. This was done out of necessity, since commomdyound 5dB peak gain between incubator chassis and the
agreed methods for assessment of vibration in neondeiso and forehead sites. This frequency lies close to the
patients do not exist. Unfortunately it is not possible td4Hz chassis vibration peak, believed to originate from the
accurately extrapolate to significantly lower body masseangine and transmission, and so is easily excited. Mattress
and so the precise levels of hazard identified here are uncléaduced resonance was highlighted in a previous study by
as are the likely mechanisms of damage. Standardiggdjendragadkar et al§), who found vibration gain factors
assessments for neonatal vibration hazard would aid rigkich are comparable to those measured in this study.
guantification enormously. However, this is the first study to demonstrate, in real

Data analysis using HIG to quantify linear head patients, that the neonatal head is exposed to mechanical
acceleration hazard, and 1SO2631-1:1997 for vibratiofibration hazard in excess of that simply observed at the
hazard, indicates that shock exposure is negligible but thacubator chassis.

vibration exposure approaches and sometimes exceeds thehanges to the mattress, harness, and incubator system to
0.5ms* A(8) “action value” threshold for adults in thereduce its resonant frequency and increase damping could
workplace, as defined in EU regulations. These findingstentially decrease RMS WBV by reducing: the hazard
broadly agree with previous studies of vibration duringieighting at resonance (i.e. and W,); the degree of
neonatal transport, for example Campbell et al found RM@sonant driving by vehicle chassis vibration; and the gain
accelerations between 0.4nfsand 5.6ms? (21), with the resonance respectively. The air mattress appears pramisin
vehicle transports (air transport was also studied) beifgthis regard; although the air mattress did not signifilgant
towards the lower end of this range. Shenai et al found valugscrease WBY, the resonant frequency was reduced to 7Hz,
between 2ms* and 6ms? (22), higher than in our work. with lower gain at the 14Hz chassis vibration peak. A more
The age (1974 model year) of the vehicle used by Sher@impliant mattress system with a peak below 7Hz may result
suggests improvements in vehicle construction may expldinan overall decrease in vibration exposure, a hypothesis
this. that could be tested experimentally with an underinflated ai
We have not explored influences of vehicle suspensiamattress.
upon vibration conditions, however the spectral analysis crrent transport trolleys use a stiff locking mechanism
indicates that engine as opposed to wheel vibration is § clamp directly to the ambulance floor. Although this
dominant hazard source, implying that engine mounts argits in a significant safety improvement in the event of a
determining factor as opposed to vehicle suspension.  yehicle accident, vehicle chassis vibration can be trarede
Comparison of the incubator chassis to forehead gaiffectly to the incubator. Hypothetically, an improved
functions between manikin and neonatal study groups shog\(ﬁjp”ng incorporating vibration dampening components
good agreement, witk’2dB deviation in the 10Hz to 20Hz ¢oyld dramatically reduce vibration exposure. As the high
band where the majority of vibration hazard is concentr.ateég(posures found in this and several prior studies are
This implies that the manikin is an acceptable mechaniggbtentially an important mechanism of stress and subseéquen
model. Manikin data indicates that vibration exposungrain injury associated with inter-hospital transportabtes,

during incubator transport is not reduced significantly by is recommended that development of such designs is
replacement of the current sponge mattresses with air Qirsued as a priority.

gel mattresses. Replacement with air mattresses results in
increased vibration exposure under some driving condition

and the high density of a gel mattress may increase injuﬁhics
risk in a road traffic accident.

Using a GPS datalogger in the vehicle cab, the influenggHs ethical approval was granted for human volunteer
of vehicle speed and road type upon vibration exposure h@igta (Research ethics committee: NRES Committee East
been investigated. Optimal speed range for minimization pfidlands - Nottingham 2, Ref: 12/EM/0257). Study
vibration exposure appears to be between 80 and 110krpégistered with ClinicalTrials.gov (Ref:NCT01851668).
(50 to 68mph), with vehicle speed below 60km/h (37mphhformed consent was obtained in writing from the patient’s
increasing overall exposure due to the longer journey timeparents or legal guardian before all neonatal patient

Road type appears to weakly influence vibration, as lowgansports commenced.
class roads (UK ‘B’ and below) give higher WBV for a
given vehicle speed. A reduction in total vibration expesur
might be achieved through optimisation of transport rquteﬁ

) e ata accessibility
for example longer routes involving ‘A’ and motorway class

roads could be adopted in place of shorter routes involvimgata available att t ps: / / dat adr yad. or g/ r esour ce/ doi :

minor roads, although this concept would require further
analysis to assess its feasibility.
As the most hazar_dous vibration is in the 5 to _ZOHéompeting interests
frequency band, which can be damped with simple
mechanical shock absorbers, improved transport troll¥ye declare we have no competing interests.
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