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ABSTRACT

Neonatal transport is often necessary when newborn patients require specialized
medical care. In Ontario, Canada, a standardized Neonatal Patient Transport System
(NPTS) is used to ensure consistency and interoperability across healthcare facilities.
Whether transport is conducted via ground ambulance, fixed-wing, or rotary-wing
air ambulances, the transport system and patient are subjected to unique, and often
high, levels of vibration. Vibration is transmitted throughout the NPTS and interface
systems such that the patients may experience a different ride quality than transport
team members, pilots, or drivers. We have investigated the vibration amplitudes
and spectra from 1–150 Hz at multiple locations (floor, NPTS, pilot/driver floor,
and pilot/driver seat) within four different vehicles used for neonatal transportation
in Ontario (one ground ambulance, one helicopter, and two fixed-wing aircraft).
Kinematics were used to evaluate locations where sensors were not present during
data collection. A low-frequency range of 1–20 Hz was used for comparison of
measured and predicted results, to reduce noise in kinematic acceleration evaluation
while focusing on the range of human body resonance. The largest amplitude
vibrations were measured in the vertical direction in all vehicles, with the ground
ambulance acceleration being greatest. Amplification of ground vehicle motion to the
patient location was present across much of frequency range of interest, although
the highest transmissibility occurred in the helicopter vertical direction at 10 Hz. The
vibration in the air ambulances was heavily dominated by the rotor or propeller
frequency, while in the ground ambulance it was more significant at low frequencies
related to vehicle suspension. Differing response spectra suggest efforts to improve
ride quality for patients may need to be tailored to the vehicle type, in order to prevent
patient exposure to high amplitude vibration.
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INTRODUCTION

Neonatal patients in need of a higher level of care than their current facility
can provide must be transferred to a facility equipped with the necessary
resources and expertise. While transportation is essential, it exposes these
at-risk patients to increased levels of noise and vibration, which can be
harmful (Mohamed, 2010; Gupta, 2019). In Ontario, Canada more than
2000 neonates require transportation every year (OntarioMinistry of Health,
2019). Therefore, the transportation of these patients is a vital part of
perinatal care. Transportation of neonates across the province is provided
using a standardized Neonatal Patient Transport System (NPTS) (Ramirez,
2014), see Figure 1.

Figure 1: Ontario’s neonatal patient transport system.

The NPTS comprises the medical and monitoring equipment necessary
to provide crucial support to the patient, including the isolette in which
the patient is secured. An advantage of this system is its compatibility with
multiple securing interfaces and vehicle types. Depending on the remoteness
of the region, distance, and urgency, a ground, fixed-wing, or rotary-wing
ambulance will be dispatched, staffed by a specialized neonate transport
team. In some instances, multiple modes of transport may be required.

Transport teams have reported a noticeable increase in the vibration
experienced by the patient during transport (Green, 2018). A collaborative
health research project was initiated with the goal of quantifying and
analyzing the vibration and noise exposure of the various transport
environments. The project is divided into three pillars: 1) characterization,
which involves quantifying the vibration and sound level within the ground,
fixed-wing, and rotary-wing ambulances; 2) experimentation, to establish
standardized laboratory test procedures to replicate each ambulance’s motion
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and perform detailed vibration studies; and 3) mitigation, to explore
strategies for attenuating vibration and sound levels during transport.

Quantifying the vibration exposure of patients is necessary for identifying
whether the levels experienced exceed recommended values. It is also valuable
to understand how the exposure at the patient location differs from that of
transport team members, drivers, and pilots. This may provide more insight
to caregivers on how the conditions they experience may translate to those
of the patient.

Vibrations resulting from the ambulance’s motion are propagated through
the floor interfaces and the NPTS to the neonates. Each ambulance and type
of mechanical interface used to secure the NPTS to the vehicle has its own
unique vibration profile, resulting in a different patient ride quality for each
mode of transportation.We aim to investigate the relative exposure levels due
to different vehicle types and positions within the ambulances. The objective
is to evaluate vibration amplitudes and spectra for different locations in these
vehicles, and identify how patient exposure may differ from that of adult
occupants.

METHODOLOGY

Field tests were conducted on four vehicle types used in Ontario for neonatal
transport: one ground ambulance (DemersMX-164 Type III Ambulance with
a Ford E-450 chassis), one helicopter (Leonardo AW-139), and two fixed-
wing aircraft (Pilatus PC-12 and Beechcraft 1900D).

Data Collection

Due to the high-demand equipment and ambulances that are used for such
time sensitive patient transfers, vehicle data were measured in individualized
tests, using different approaches for each vehicle type. Some data were
collected during dedicated full-vehicle field tests, whereas other data were
collected passively during real transport operations. Dedicated tests were
performed on the ground ambulance and PC-12, as these vehicles could
be reserved for testing periods. The ground ambulance was available for
3 days, while the PC-12 testing occurred over a single morning. Passive
measurements were taken on board the AW-139 and Beechcraft 1900D,
without any interruption to service. The time available with each vehicle
dictated the extent of instrumentation that could be used.

Ground ambulance data were recorded during multiple days of testing
across the city of Ottawa (Kehoe, 2023). The instrumented vehicle
included accelerometers (PCB Piezotronics, Model 356A01, NY, USA) and
inertial measurement units (IMUs) (RaceTechnology, model SPEEDBOX
IMU+GPS2RTK, Nottingham, UK) on the floor and NPTS sled, and a
sampling rate of 2000 Hz was used. The sample of data used in this analysis
is a segment of driving from the hospital campus, down arterial, highway,
and collector road types, and was approximately 36 minutes in duration. A
2.5 kg neonatal manikin (Laerdal NRN High Fidelity NewB Doll, Stavanger,
Norway) was harnessed in the isolette, as would be a patient, for all road
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tests. The IMU measurements taken from the vehicle floor and NPTS sled
were used for this comparison.

PC-12 data were gathered on a dedicated 1.5-hour flight on a Royal
Canadian Mounted Police (RCMP) aircraft. The aircraft was not configured
for medical transport, and did not include the NPTS. Instead, six triaxial
accelerometers (PCB Piezotronics, Depew, NY, USA) were secured to the
floor in the position the NPTS would be loaded, and a seventh was
mounted within a seat pad to capture vertical motion at the pilot’s seat. A
SCADAS XS (Siemens,Munich, Germany) was used for data acquisition, and
measurements were taken at a sampling rate of 12.8 kHz. The segments of the
flight that are considered in this investigation include: runway taxi, takeoff,
climb, cruise, descent, normal approach, and landing. Significant turbulence
was observed during the cruise and descent phases. The vertical pilot seat and
one triaxial floor sensor were considered in this analysis.

During the passive data collection flights, small, stand-alone enDAQ S3-
D40 (enDAQ, Woburn, MA, USA) data loggers were deployed on these
aircraft by transport team members. The Beechcraft 1900D was in service
whenmeasurements were taken, and the AW-139was performing a scheduled
flight with no patient onboard. One logger was positioned on the vehicle
floor and one on the NPTS sled using double-sided tape. The data loggers
were set to record three-axis acceleration data at 1000 Hz; three-axis
gyroscope data at 400 Hz; and pressure, temperature, and humidity at 10 Hz.
It was noted that the AW-139 flight conditions were very calm, possibly more
so than a typical journey with a patient.

The means for securing the NPTS varies depending on vehicle. In
the ground ambulance and AW-139 helicopter, a Stryker Power-LOAD
(Kalamazoo, MI, USA) system is used to secure the stretcher to the floor.
In both fixed-wing aircraft, a Lifeport Patient Loading Utility System (PLUS)
(Woodland,WA, USA) is used, which fastens directly to the NPTS sled. These
interfaces are presented in Figures 2 and 3. The NPTS is aligned with the
longitudinal axis in all vehicles of interest, except for the helicopter, where it
is mounted laterally.

Figure 2: Stryker Power-LOAD, used in ground ambulance and AW-139 helicopter.
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Figure 3: Lifeport PLUS, used in Beechcraft and PC-12 fixed-wing aircraft.

Data Processing

The sensor locations being compared include the cabin floor, representing the
transport crew members’ position, the driver/pilot seat, the driver/pilot floor
position, and below the incubator, on the red sled of the NPTS.

ISO 2631 describes methods for evaluating whole-body vibration (WBV)
in terms of root mean square (RMS) acceleration (ISO 2631, 1997). This
standard considers motion in the frequency range of 0.5−80 Hz for comfort,
health, and perception analysis. ISO 2631 defines frequency weightings to
be applied for evaluating comfort or health. These weightings are direction-
and orientation-specific, and are applicable to adult bodies. Further scaling
factors depending on direction are also provided. Given that the orientation
of the patient is recumbent during transport, no weightings for health are
available for the recumbent body, and the patient of interest is not an adult,
weightings have not been applied in this analysis. Instead, RMS acceleration
was evaluated for comparison of the pure mechanical vibration, which could
then be further analysed with the appropriate weightings to evaluate patient,
driver, and passenger risk. RMS acceleration was evaluated in the range of 1–
150Hz after applying a bandpass Butterworth filter. The lower bound of 1Hz
as opposed to 0.5 Hz was needed for PC-12 data to further filter transient
vehicle motion, and was applied to other vehicle data for consistency. The
upper bound of 150 Hz was used to capture high energy harmonics caused
by the fixed-wing aircraft propellers. Acceleration was measured in units of g,
and findings are presented in GRMS.

The frequency responses of the measured positions were evaluated using
the acceleration Power Spectral Density (PSD), computed using the pwelch
function in MATLAB, with a 1 Hz resolution and 1 second window sizing.
The transmissibility of the floor-to-NPTS interface was computed between
pairs of sensors at the cabin floor and NPTS sled, as the ratio of T =
PSDout/PSDin, using the floor signal as the input.

Given the varying data collection methods, some gaps in measurement
locations exist, such as the PC-12 NPTS vibration. An attempt to predict
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vibration exposure at these locations has also been performed. The
transmissibility evaluated between the Beechcraft floor and NPTS was used
as an estimation for the vibration transmitted across the LifePort PLUS
interface. Using Ry(f ) = T(f )Rx(f ) where Rx is the input PC-12 PSD,
measured from the floor, and T(f ) is the LifePort PLUS transmissibility, the
resultant PSD at the NPTS location within the PC-12, Ry, was estimated.

To estimate exposure at the pilot and driver locations, kinematic
acceleration was computed at those locations using the acceleration
difference equation applicable to rigid bodes with measured translational
and angular motions at the sensor location (Ginsberg, 1998). The geometry
of the ground ambulance and sensor locations was complete; however, only
approximate sensor locations were known for the Beechcraft and AW-139
flights More information was known regarding the Beechcraft NPTS sensor
position than the floor sensor, so this location was used as the input position
and rigid attachment of the NPTS to the floor was assumed. Given the PC-12
test did not involve collecting angular rate gyroscope data, this vehicle was
excluded from this stage of evaluating floor motion at the pilot location. The
validation of this acceleration calculation process in the ground ambulance
has been previously reported (Kehoe, 2022). Since high frequency content
contributed significantly to noise in the resulting motion, low-pass filters
with cut-off frequencies of 20 Hz for accelerometer and 5 Hz for gyroscope
data were used in order to better represent the vehicles’ rigid body motion.
Although this does not encapsulate the full frequency range of interest, the
resonant frequency of the human body has been shown to fall within the
1–20 Hz range across various ages and sizes (Fairley, 1989; Huang, 2009). A
separate comparison of GRMS values for the 1–20 Hz frequency range has
also been made.

RESULTS

The unweighted GRMS for measured and predicted positions, filtered
between 1–150 Hz and 1–20 Hz, are presented in Tables 1–3 in the x, y, and
z directions, respectively, where x is the longitudinal direction of the vehicle,
y is lateral, and z is vertical. Values computed directly from measured data
are in black, and extrapolated values are presented in italicized blue text.

Table 1: X Direction.

GRMS
(1–150 Hz)

GRMS
(1–20 Hz)

NPTS Cabin floor Driver
floor

Driver
seat

NPTS Cabin
floor

Driver
floor

Driver
seat

Ground 0.0203 0.0158 0.0140 - 0.0177 0.0140 0.0135 -
PC-12 0.0125 0.0168 - - 0.0119 0.0078 - -
Beechcraft 0.0105 0.0551 0.0077 - 0.0067 0.0044 0.0069 -
AW-139 0.0338 0.0600 0.0303 - 0.0173 0.0127 0.0116 -
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Table 2: Y Direction.

GRMS
(1–150 Hz)

GRMS
(1–20 Hz)

NPTS Cabin floor Driver
floor

Driver
seat

NPTS Cabin
floor

Driver
floor

Driver
seat

Ground 0.0231 0.0174 0.0168 - 0.0208 0.0164 0.0165 -
PC-12 0.0170 0.0247 - - 0.0166 0.0114 - -
Beechcraft 0.0133 0.0730 0.0408 - 0.0117 0.0088 0.0397 -
AW-139 0.0192 0.0343 0.0194 - 0.0141 0.0126 0.0135 -

Table 3: Z Direction.

GRMS
(1–150 Hz)

GRMS
(1–20 Hz)

NPTS Cabin floor Driver
floor

Driver
seat

NPTS Cabin
floor

Driver
floor

Driver
seat

Ground 0.0635 0.0441 0.0401 - 0.0608 0.0398 0.0394 -
PC-12 0.0372 0.0489 - 0.0403 0.0315 0.0314 - 0.0397
Beechcraft 0.0377 0.0562 0.0486 - 0.0263 0.0246 0.0461 -
AW-139 0.0390 0.0665 0.0301 - 0.0297 0.0176 0.0189 -

The PSD of each position in the x, y, and z directions are presented
in Figure 4. The transmissibility between multiple signals within the same
vehicle are presented in Figure 5.

Figure 4: Acceleration power spectral densities.
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Figure 5: Transmissibility.

DISCUSSION

Reported findings often identify the vertical direction to be the most
dominant axis of vibration in vehicles (Campbell, 1984; Browning, 2008;
Darwaish, 2021). In the 1–20 Hz range, we found the vertical accelerations
were the most prominent when considering the cabin floor measurements.
The ground ambulance exhibited the greatest vertical acceleration, followed
by the PC-12. Some vehicle comparison studies have reported the highest
WBV in helicopters (Bouchut, 2011; Bailey, 2019; Campbell, 1984). We
found the helicopter vertical GRMS was higher than other vehicles in the
1–150 Hz range, but lower than other vehicles in the 1–20 Hz range.

In the 1–20 Hz range, the greatest NPTS acceleration occurred during
ground transport. Although acceleration of the NPTS on the Beechcraft is
lower than the other vehicles, there is an increase in GRMS value in all
vehicles when moving from the floor to NPTS position, in all three axes.

Considering the spectral findings, there is a clear difference in which
frequencies dominate the system response in each vehicle type. The aircraft
exhibit greater energy around the rotor frequencies and their subsequent
harmonics (the N/rev harmonic where N is the number of blades on each
rotor being 25 Hz for the AW-139, 112 Hz for the PC-12, and 94 Hz for
the Beechcraft), while the ground ambulance peaks at lower frequencies
associated with wheel-hop and vehicle body vibration.

The greatest transmissibility occurred in the helicopter vertical direction,
followed by all directions in the ground ambulance. Lateral motion of the
NPTS in the ground ambulance aligns with the observations made of it
noticeably rocking about the floor interface. The different orientation of
the PowerLoad within the ground ambulance and AW-139 may contribute
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to the distinct vibration transmission between the two vehicles. While the
PC-12 pilot’s seat response exceeds that of the cabin floor, the concentration
of energy at this position is very low on the frequency spectrum, below 5 Hz.
The seat appears to dampen the higher energy peaks caused by the rotor. This
indicates that vibration exposure of the pilot, crew, and patient differs, and
highlights the importance of seat design when considering vibration isolation
(Paddan, 2002). This same principle may be relevant when considering the
NPTS mounting methods. What is effective at isolating the patient from
floor-level vibration in one environment may not be optimal in all vehicle
types.

A limitation of using the transmissibility generated between positions
within a vehicle is that they were established using a vehicle-specific
excitation spectrum. It may under-represent the response of the system at
frequencies that were less prevalent in that vehicle, and when applying this
transmissibility to other vehicles, the predicted response may differ from
a measured response. The use of a standard excitation profile, such as a
sinusoidal frequency sweep of constant amplitude, would be better suited for
characterizing the dynamic properties of theNPTS and floor interface further.
Laboratory experiments which examine such analysis will be presented in
future work.

Additionally, this vibration investigation compared the responses across
entire journeys, and does not illustrate the changing conditions depending
on phase of flight, type of road, or speed of travel. Treating these phases
individually and then evaluating for equivalent exposure over the entire
journey would provide a more complete depiction, and this method has been
explored in past and ongoing work (Kehoe, 2023). This averaging across the
entire journey duration may under-represent higher energy, short duration
conditions. However, the intention of this analysis is to provide an overview
of a baseline “realistic” transport, from start to finish.

CONCLUSION

We aimed to characterize the vibration environment in multiple modes
of neonatal patient transportation. In addition, we predicted responses at
different positions within the vehicles. The findings highlight the different
vibration signatures of these vehicles, and how vibration is transmitted
differently from the floor to the NPTS depending on the interface method
and orientation within the vehicle. The ground ambulance exhibits higher
amplitude vibration at low frequencies, while the vibration spectra of the
aircraft are significantly dominated by propeller and rotor frequencies.
However, the transmissibility of vibration from the floor to the NPTS is lower
at high frequencies, which attenuates the vibrations coming from propeller
or rotor harmonics. Passenger and driver seat design plays an important
role in improving ride quality for adult occupants, and the experiences of
these individuals differ from those of the neonate patients. Approaches to
mitigate potentially harmful levels of vibration at the patient level must
consider the response of these very different environments, and likely require
individualized vibration isolation solutions.
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