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Abstract: Crowdsourced logistics has emerged as a delivery channel for many single-parcel packages.
As a result, this logistics network has introduced personal passenger vehicles as a means to transport
parcels during last mile delivery segments. To understand this network’s vibration levels and
cargo capacity restraints, four vehicle types (a sedan, sports sedan, compact SUV and full-size SUV)
commonly used in crowdsourced logistics deliveries were selected for measurement and analysis.
This study shows that the vibration levels were significantly higher in the vertical axis and that
the overall vibration energy increased as vehicle speed increased, except in the sedan. The sedan
and SUV vehicles showed power spectral density peak frequencies in the low-frequency range,
occurring at approximately 2 Hz, matching previous studies using similar vehicles. The vibration
levels were greatest in the sports sedan and lowest in the sedan. The recorded vibration events
showed a right-skewed heavy-tailed distribution and were non-Gaussian.
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1. Introduction

The demand for crowdsourced logistics for last mile package delivery has increased
in recent years as parcel delivery companies seek to provide consumers with rapid de-
livery of their purchases [1,2]. This increased demand has led parcel companies, such as
UPS and Amazon, to utilize personal passenger vehicles to meet consumer demands [3].
Crowdsourced logistics for parcel delivery works on a network of users registering as
operators for this application. The operators use their personal vehicles for deliveries and
submit all required documentation for approval. Although each parcel provider has its
vehicle condition and type restrictions, one common characteristic among all providers is
that the vehicle must provide covered housing (trunk space) for the respective package
during transport. Once approved, the operator requests parcel packages for pre-determined
delivery time blocks, picks up the parcels from the respective distribution location, and
transports them to the final destination. As this type of last mile delivery service continues
to increase, it is essential to evaluate this delivery channel to understand the requirements
needed to ensure the safe and adequate transport of packaged goods.

Globally, there have been numerous studies that have evaluated the vibration levels
of vehicles transporting packages. However, many of these studies have focused on
large trailers or parcel delivery trucks and vans [4–14]. A select number of studies using
passenger vehicles have been reported, but these have occurred at other global regions,
not specific to the United States. Zhou and Wang [15] investigated the vibration levels
in South China as reported from a sedan car, minivan, heavy truck, medium truck and
electric bicycle. Their study concluded that the lowest vibration intensity levels were
found in the sedan car, and the highest vibration levels were observed in the heavy truck.
Chonhenchob et al. [16] examined a mid-sized sedan car and pick-up truck traveling on
highways and inner-city roads in Thailand. The findings from their study showed that the
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pick-up truck reported higher vibration intensity than the mid-sized sedan. In addition to
the vehicle type, vibration levels are also influenced by a variety of other factors, such as
road conditions [17,18], vehicle speed [18–20] and delivery driver behavior [21,22].

The objective of this project is to characterize the vibration levels experienced inside
the cargo area of passenger vehicles during the last mile delivery of parcel packages. This
is an essential step in evaluating the entire supply chain and a missing component in
current package testing standards. Crowdsourced logistics for this last mile presents a
unique challenge for packaging designers due to the large array of vehicle types and road
conditions existing in the United States. As a result, this study aims to record and analyze
this transport hazard using passenger vehicles operating within this delivery network.
Additionally, the data collected are compared to previous studies from other countries and
current package testing standards for small parcel delivery.

2. Materials and Methods
2.1. Instrumentation and Recording Parameters

The vibration events were collected using a SAVER 9XGPS field data recorder (Lans-
mont Corporation, Monterey, CA, USA). This particular field data recorder has a built-in
triaxial accelerometer to collect vibration data and is coupled with GPS capability, allow-
ing for the acquisition of position and speed data embedded in the capture events. The
instrument was held securely by 3M double-faced adhesive tape (3M Corporation, Saint
Paul, MN, USA) at each vehicle’s center position of the cargo hold area. This area was
selected to record the vibration data necessary to drive vibration testing equipment during
the evaluation of packaged products. Figure 1 illustrates an example of the placement of
the sensor in the vehicle trunk. This approach was replicated for all vehicles in this study.

Figure 1. Placement of field data recorder into vehicle cargo area.

The data recorder was configured referencing the International Safe Transit Associ-
ation’s (ISTA) data collection standard for measuring vibrations generated by transport
vehicles during distribution. The following were the recording parameters used in the
collection of the signal triggered data:

• Sample rate: 1000 Hz;
• Anti-aliasing filter frequency: 500 Hz;
• Record time: 2.048 s;
• Sample size: 2048;
• Frequency resolution for PSD: 0.48 Hz;
• Signal pre-trigger: 10%;
• Signal trigger level: 0.1 g.
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2.2. Vehicle Types and Travel Conditions

The vehicle types selected for this study conform to the general restrictions of crowd-
sourced delivery for last mile segments. To collect over-the-road vibration events, the
following vehicles were observed: a sedan (Toyota Camry), an electric compact sport-utility
vehicle (SUV) (Hyundai Kona), a full-size SUV (Toyota Pilot) and a sport sedan (Toyota
GR86). In this study, the vehicles were unloaded, meaning they contained no additional
payload in the trunk compartment of the vehicle during the time of the data collection.
The vehicles were chosen to be unloaded for this study to prevent any parcels or packages
from impacting the sensor, which could alter the results. All of the selected vehicles were
manufactured in the US, except the Hyundai Kona, which was imported from South Korea.
Their specifications are shown in Table 1.

Table 1. Vehicle specifications.

Parameter Toyota Camry Honda Pilot Hyundai Kona Toyota GR86

Model Year 2011 2015 2021 2022
Engine 2.5 L Gas 3.5 L Gas Electric 2.4 L Gas

Drive Train Front Wheel Front Wheel Front Wheel Rear Wheel
Gross Vehicle Weight 1501 kg 1896 kg 1315 kg 1275 kg

Suspension/Type Independent/Coil Spring Independent/Coil Spring Independent/Coil Spring Independent/Coil Spring

The road function classifications used for this study were highways and local road-
ways. These roads were selected because they most closely represented the typical driving
conditions for last mile deliveries from the distribution center to the final destination in
the United States. For most e-commerce deliveries, the final destination is the consumer
residence. The data were collected in the greater Rochester area, NY, USA, during Spring
and Summer of 2022. Field observations were collected using a minimum duration of 5 h
per vehicle.

2.3. Analysis Method for Collected Data

Traditionally, the most commonly used approach for the vibration testing of packaged
products has been to use PSD profiles to drive vibration test equipment. A PSD represents
the amount of vibration intensity (energy) as a function of frequency. This study shows the
PD levels of 1–200 Hz, which are commonly used by vibration test standards for packaged-
product integrity testing. Lansmont SaverXware processed the recorded vibration events
to develop average PSD profiles for the different trip segments. The PSD levels of the
recorded vertical vibration events were determined as a function of frequency, as calculated
in Equation (1).

PD =
∑n

i
(RMS(g))2

i
n

BW
(1)

where PD is the power spectrum density in g2/Hz, RMS(g) is the root mean square value
of the acceleration in G’s given bandwidth of frequency, BW is the frequency bandwidth
and n is the number (n) of samples analyzed in that frequency window.

The PSD profile represents the average intensity of the vibration occurring at the point
of measurement. The PSD profile can be described by its spectral shape and overall GRMS
level. GRMS is used to define the overall energy or acceleration level of random vibrations.
Common laboratory simulation techniques designed for random vibration testing use these
PSD profiles to drive mechanical vibration test equipment. As with previous research
analyses of vibration measurements, events below the noise floor (0.02 grms) of the SAVER
9XGPS were filtered out [15,23–26].

Minitab (v. 18 Minitab, LLC, State College, PA, USA) was used to develop the root
mean square (RMS) distribution of the vibration events and the empirical cumulative
density functions (CDF) of the RMS(g) levels to detail the kurtosis (K) and the skewness (S)
for each vehicle observed. The CDF was fitted with a distribution based on the Anderson–



Vibration 2022, 5 795

Darling (AD) goodness-of-fit statistic. The AD measures the deviations between the fitted
line (based on the selected distribution) and the nonparametric step function (based on
the data points). These values, K and S, indicate the relationship of the observed data
compared to a Gaussian normal distribution to better understand the distribution of the
vibration levels associated with this environment.

3. Results and Discussion

Figures 2–5 display the individual PSD plots, separated by road classification, for
each vehicle observed during this study. Table 2 displays the overall GRMS values and
statistics measurements from each vehicle. As anticipated, the vibration levels in the
vertical axis (gray line) were significantly higher as compared with the lateral (blue line)
and longitudinal (orange line) axes for all vehicles. As shown in previous studies, the
overall GRMS in the vertical axes was typically greatest on highways compared to local
roads, where the vehicle’s speed is increased [15]. The overall condition of the road surfaces
for this study were not graded, so the overall GRMS could only be compared to the vehicle’s
velocity. The range of the overall GRMS was 0.135–0.176 and 0.124–0.197 for local and
highway road types, respectively.

Figure 2. PSD plots for triaxial vibration of the Camry sedan.

Figure 3. PSD plots for triaxial vibration of the GR86 sport sedan.
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Figure 4. PSD plots for triaxial vibration of the electric Kona compact SUV.

Figure 5. PSD plots for triaxial vibration of the Pilot full-size SUV.

Table 2. Vehicle measurements and statistics.

Overall GRMS Values

Vehicle Road Type Speed
(km/h) Vertical Longitudinal Lateral Kurtosis Skewness

Camry—Sedan Local 0–72 0.135 0.046 0.032 6.22 1.86
Highway 73–113 0.124 0.043 0.034 3.20 1.56

GR86—Sport
Sedan

Local 0–72 0.176 0.054 0.047 2.81 1.29
Highway 73–113 0.197 0.048 0.044 6.71 2.26

Kona—Electric Compact
SUV

Local 0–72 0.140 0.059 0.036 10.19 2.29
Highway 73–113 0.142 0.057 0.420 9.21 2.11

Pilot—Gas Full-sized
SUV

Local 0–72 0.137 0.068 0.042 15.68 2.78
Highway 73–113 0.146 0.070 0.044 6.46 2.05

For further comparison of the study results to other published research and industry
test standards, PSD plots, representing the average overall GRMS, were produced for each
vehicle using the vertical orientation (Figure 6). As shown in the figure, there are similarities
and distinct contrasts in the profile shapes and intensities among the vehicles. The Camry
and the Kona were lower in the 20 to 70 Hz range. The Pilot and the GR86 had a similar
response in the 20 to 40 Hz range. However, the GR86 had higher intensities of vertical
vibration from 40 to 100 Hz.
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Figure 6. Overall PSD plots of four vehicles in vertical direction.

The selected PSD profile from ISTA 3A [27] is designated to replicate vibration levels
experienced by pick-up and delivery vehicles. It is unknown what percentile was used
to generate the pick-up and delivery PSD referenced by ISTA, and nor is the origin of the
vehicle type of the recorded parameters. The authors chose to compare this existing PSD
package test profile with those of the SUVs from this study. This comparison is likely more
representative than that of a sedan car, which was not likely a vehicle that was measured
during the development of those standards. In recent years, sedans have been used for
parcel delivery here in the US. Figure 7 displays the PSD profiles from the two SUVs and
the test standard profile. It should be noted that the PSD profiles shown in this study are
not accelerated or time compressed, as is typical for many package-testing PSD profiles.
The highest PSD level occurred in the vertical axis, with approximately 2 Hz, whereas the
ISTA profile was between 3 and 4 Hz. The Pilot had peaks of 11 to 14 Hz and 18 to 43 Hz,
which are not captured in the ISTA test spectrum. The ISTA test spectrum has a second
peak between 15 to 24 Hz. The peaks in the higher frequency of the standard between 70
and 100 Hz match closely with those of the Kona.

Figure 7. PSD plot comparison with current package testing standards.
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Currently, no test standards exist for package testing using PSD profiles referencing
passenger vehicles. However, there has been an increase in the availability of these vehicle
types due to the emergence of crowdsourced delivery. Therefore, the authors are interested
in understanding and comparing their vibration levels and spectral shapes. Although all
road conditions and test parameters are not the same, the authors compared the findings
from this study to other published research articles collected from other global regions. The
authors selected vehicles of similar styles and payloads for comparison. Figure 8 displays
the PSD profiles from the sedans in this study, overlaid with those from previous research
for comparison.

Figure 8. PSD plot comparison of sedan cars.

Both sedan cars referenced by Zhou [15] and Chonhenchob [16] and the Camry sedan
had similar first peaks in the low frequency (1–10 Hz) range, which corresponded to the
suspension frequency of the vehicle. The highest PD level occurred at approximately 2 Hz
for the Camry sedan, which showed agreement with the Skoda and Honda sedans from
previously published research. However, the GR86 sport sedan’s first peak was not as
narrow as the other sedans, with a first peak response from approximately 2.5 to 6.5 Hz.
This shift in the first peak response was likely due to the sports sedan having a stiffer
suspension compared to the other sedan types. The secondary peaks, related to the vehicles’
structural components, such as tires and chassis, were much different for the Camry sedan
compared to the Skoda and Honda. The GR86 showed similar secondary peaks as, was
previously reported in the range of 10 to 70 Hz for sedan cars. However, the GR86 response
exceeded 100 Hz, whereas the Skoda indicated very little vibration response above 70 Hz.

Table 2 shows the kurtosis and skewness values of the RMS(g) vibration events from
each vehicle observed during this study. The kurtosis of all measured events was greater
than three, indicating a heavy-tailed distribution, meaning that the measured vibration
events followed a non-Gaussian distribution [24,28]. Positive skewness values indicate a
right-skewed asymmetric distribution. Based on the K and S values reported from this study,
it can be concluded that the vibrations experienced by crowdsourced delivery vehicles in
the last mile were non-Gaussian, as is the case with other transport vehicle types [24,29,30].
This is important to understand, as the most common approach for the vibration testing
of packaged products and unit load systems follows a Gaussian distribution, which was
not observed in the field measurements collected in this study. The plots of the CDF show
the probability of an event to occur based on the measured RMS(g) value, indicating that
the majority of all events have an RMS(g) level below 0.2 (Figure 9). Figure 10 shows the
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distribution of the events fitted with a three-parameter Weibull distribution [31], which
was the best-fit result based on the AD statistic.

Figure 9. Cumulative distribution function on RMS acceleration in the vertical direction.

Figure 10. RMS distribution of vehicles in the vertical direction.

One observational note the authors recorded during this study involves the loading
capacity and cargo space limitations for crowdsourced passenger delivery vehicles. Current
pick-up and delivery vehicles that are used commonly in the parcel industry have a notice-
ably larger volume of space to accommodate packages of all shapes and sizes. Available
cargo space is extremely limited for certain crowdsourced passenger vehicles, which can
result in the packages being placed in non-traditional shipping orientations during the last
mile segment. The developed vibration profiles, coupled with the known limitations of
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cargo space and package arrangements within crowdsourced passenger vehicles, should
enable packaging engineers to design solutions limiting product damage for the consumer.

Limitations of this Study

1. This study did not evaluate the observed roadway conditions or the changes in
the payload inside the cargo area and their impact on the vibration levels. Further
studies can measure the road roughness and can include various payload capacities
to determine the impact on the experienced vibration levels.

2. The ISTA vibration test standards are accelerated (time compressed), which artificially
amplifies the vibration magnitude. Therefore, the field measured levels for the overall
GRMS values of this study should be evaluated carefully against standard test levels.

3. The observations for this study were made in good driving conditions. However,
many parts of the US and the globe have adverse weather, which can alter driving
conditions. This can be another area of further exploration.

4. Conclusions

Crowdsourced logistics for the last mile has become an increasingly used service
for single parcel deliveries, especially for home deliveries of online orders. This logistics
network brings new challenges to the single parcel channel, requiring further observation
and measurement to ensure that packaged products arrive safely to the consumer. The
distribution of the vibration events for representative crowdsourced passenger delivery
vehicles, which can be used to transport packages during last mile logistics, are non-
Gaussian. For the vehicles observed in this study, vibration levels were significantly more
intense in the vertical axis than the lateral or longitudinal axes. Additionally, the vibration
energy was typically higher when the vehicle speed increased, except for the Camry sedan.

Compact and full-size SUV spectrums were compared to the ISTA 3A (pick-up and
delivery vehicle). For the SUV PSD profiles, the highest PSD level occurred in the vertical
axis at 2 Hz, differing from the ISTA profile, which has its first peak between 3 and 4 Hz.
The full-size SUV (Pilot) had a second peak between 18 and 43 Hz, which is not captured
in the current ISTA profile. Peaks in the higher frequency range of the ISTA profile match
closely with those of the compact SUV (Kona).

The sedan car (Camry) reported a similar PSD peak frequency at approximately 2 Hz,
as previous studies have shown. However, the sport sedan’s (GR86) first peak was broader
than that of other sedan cars, which showed a first peak response from approximately 2.5
to 6.5 Hz. The GR86 showed similar secondary peaks, as previously reported for sedan
cars, but the GR86’s response encompassed a wider frequency range. The secondary peaks
related to the vehicle’s structural components were much lower for the Camry sedan
compared with the Skoda and Honda.
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