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Abstract: This paper presents an analysis of the risk of neck injury in vehicle occupants as a conse-
quence of an impact. A review of the formulation of indexes that are used in the assessment and
investigation of neck injury risk is discussed with the aim of providing a new, more appropriate
index using suitable sensorized equipment. An experimental analysis is proposed with a new driver
monitoring device using low-cost sensors. The system consists of wearable units for the head, neck,
and torso where inertial measurement sensors (IMU) are installed to record data concerning the
occupant’s head, neck, and torso accelerations while the vehicle moves. Two laser infrared distance
sensors are also installed on the vehicle’s steering wheel to record the position data of the head
and neck, as well as an additional IMU for vehicle acceleration values. To validate both the device
and the new index, experiments are designed in which different sensorized volunteers reproduce
an emergency braking maneuver with an instrumented vehicle at speeds of 10, 20, and 30 km/h
before the beginning of any braking action. The neck is particularly sensitive to sudden changes in
acceleration, so a sudden braking maneuver is enough to constitute a potential risk of cervical spine
injury. During the experiments, large accelerations and displacements were recorded as the test speed
increased. The largest accelerations were obtained in the experimental test at a speed of 30 km/h
with values of 19.17, 9.57, 9.28, and 5.09 m/s2 in the head, torso, neck, and vehicle, respectively. In the
same experiment, the largest displacement of the head was 0.33 m and that of the neck was 0.27 m.
Experimental results have verified that the designed device can be effectively used to characterize
the biomechanical response of the neck in car impacts. The new index is also able to quantify a neck
injury risk by taking into account the dynamics of a vehicle and the kinematics of the occupant’s head,
neck, and torso. The numerical value of the new index is inversely proportional to the acceleration
experienced by the vehicle occupant, so that small values indicate risky conditions.

Keywords: biomechanics; injury criteria; testing design; experimental validation; risk evaluation

1. Introduction

Nowadays, nonfatal injuries are a worldwide public health problem. Impact injury
investigation and the analysis of experimentally based biomechanics play key roles in the
mitigation of injuries caused by road traffic crashes. In general, in low-speed rear-end
crashes, the head of the impacted vehicle occupant moves relative to the torso, causing
distortion of the neck, meaning the cervical spine is the most vulnerable area and can face
minor (sprains/strains), moderate (intervertebral disc derangement), and severe (fractures,
dislocations, and spinal cord injuries) injuries [1]. The frequency of these injuries is in-
versely proportional to their severity, meaning the most common and least severe injuries
are musculoligamentous strains which are known as whiplash. Less common injuries
are disc injuries and vertebral fractures, and the least common are spinal cord injuries.
Whiplash injuries include skin, blood vessel, muscle, ligament, nerve, and intervertebral
disc injuries [2] and can cause headache, neck pain or stiffness, arm pain and paresthesia,
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temporomandibular dysfunction, visual disturbances, memory and concentration prob-
lems, and psychological distress [3]. In addition, whiplash causes enormous economic costs
to society [4]. The analysis of the mechanisms of whiplash is complicated by the complex
structure of the cervical spine and the various impact conditions. Numerous investigation
reports can be found in the literature that have attempted to characterize the cervical spine
biomechanical response. Many of these investigations have tested animals [5], human
volunteers [6], human cadavers [7], crash-test dummies [8], articulated artificial necks [9],
and computational models [10–12].

To analyze the risk and severity of cervical injuries in vehicle impacts there are different
injury criteria such as the neck injury criterion (NIC) [5], neck protection criterion (Nkm) [13],
neck injury criteria (Nij) [14], lower neck load index (LNL) [15], intervertebral neck injury
criterion (IV-NIC) [16], neck displacement criterion (NDC) [17], whiplash injury criterion
(WIC) [18], and head-to-torso rotation [19].

This paper is an extended revised version of the paper presented at the MESROB 2023
conference [20], with more results and discussions addressing an experimental evaluation
of the injury risk in a car accident.

In this paper, a new criterion is proposed through a detailed analysis of the different
aspects to be considered in the analysis of the risk of injury to the head–neck–torso system
as a consequence of a vehicle impact. A low-cost device to monitor the driver of a vehicle
and experimental tests consisting of a series of emergency braking maneuvers at low speed
without experiencing an impact are designed to validate the new criterion. No impact does
not mean that there is no risk of injury to occupants, as pointed out in [21]. Sudden braking
is sufficient to cause cervical spine injury because the neck is very sensitive to sudden
changes in acceleration [22]. In emergency braking, the head and torso move with a delay
between them due to their different inertia. This implies that some vertebrae are in flexion
while others are in hyperextension, with the possibility of producing a cervical injury.

Experimental tests, carried out with the participation of volunteers, consisted of
emergency braking at speeds of 10, 20, and 30 km/h on a flat track following a straight
trajectory. In all tests, the occupant sits in the normal driving position, looking straight
ahead and using a three-point seatbelt to connect her or his movement with that of the
vehicle. The seatbelt is very effective when the vehicle is moving at high speeds; however,
it can increase the risk of whiplash injury at low speeds, as indicated in [23].

With the main goal of characterizing the biomechanical response of the neck in terms
of acceleration and displacement, the acceleration of the vehicle occupant’s head, neck,
and torso, as well as the acceleration of the vehicle, are recorded during the experiments
using IMUs. Head and neck displacement data are also recorded using laser infrared
distance sensors placed inside the vehicle. The paper focuses on the successful usage
of these low-cost sensors to monitor a driver and to obtain information on the chosen
parameters to formulate a new index. The results obtained with the new index demonstrate
its effectiveness in providing a numerical estimations of the whiplash risk.

The manuscript is organized as follows. Section 1.1 introduces the biomechanics of the
whiplash motion. Section 1.2 reviews the indexes for neck injury risk assessment. Section 2
outlines the requirements and design issues for a monitoring system. It also presents the
methodology, including a description of the experimental test setup, the definitions of the
experiments, and the data collection and analysis. The results are discussed in Section 3.
Finally, the conclusion drawn from the results is presented in Section 4.

1.1. Biomechanics of a Whiplash Motion

The classical whiplash injury hypothesis is the result of a hyperextension movement
of the neck [24–26]. The analysis of the neck motion of a vehicle occupant during a rear-end
or frontal collision, both of which may result in soft-tissue injuries to the neck, shows
complex kinematics. The resulting motion of an occupant during a rear-end collision can
be divided into three different phases, as shown in Figure 1. During the first phase, known
as retraction, an occupant is pushed forward by the seat back. The transmission of forces
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and contact takes place at the shoulders. Moving due to inertia, the head retracts, i.e., it
moves backwards without rotation about the lateral axis, and is placed behind the torso.
Thus, the lower cervical spine is forced into extension and the upper cervical spine is
forced into flexion. This deformation of the neck is known as an S-shaped configuration
and is considered crucial to the mechanism of injury [27–31]. Following the S-shaped
configuration, the head starts rotating backwards, which, in turn, leads to the extension of
the entire cervical spine. The retraction phase finishes with the maximum extension of the
cervical spine. The next phase is a forward movement, which is characterized by a change in
the direction of movement, i.e., the head, neck, and torso move forward. When the occupant
returns to a position that, in the sagittal direction, is equal to the initial position before the
impact, the forward motion phase is completed and the seatbelt restraint phase begins. An
occupant is restrained by the safety belt in such a way that the thoracic spine is stopped
while the head moves forward. This produces an inverted S-shaped configuration of the
neck. However, the effect is less pronounced than the S-shaped configuration experienced
in the first phase. This is due to damping of restraining forces by the rib cage and to the fact
that more vertebrae are involved in this second S-shaped configuration, which gives lower
loads on the individual vertebrae. Finally, the kinematic phases conclude with a global
flexion of the cervical spine.
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Similar kinematic phases apply for frontal collisions, including the inverted S-shape
configuration.

1.2. Injury Criteria

Among the numerous injury criteria available for assessing the risk of injury during
an impact, the following presents a summary of the main formulations.

The neck injury criterion (NIC) is widely utilized for detecting soft tissue injuries
in the neck resulting from rear-end collisions [5]. This criterion predicts the relationship
between spinal cord nerve tissue damage and pressure gradients. Based on the assumption
that pressure gradients caused by a sudden change in the fluid flow inside the fluid
compartments of the cervical spine are related to neck injuries, NIC(t) was defined as
follows [5].

NIC(t) = 0.2·arel(t) + vrel(t)
2 (1)

Here, arel and vrel are the relative horizontal acceleration and velocity between the
bottom (T1) and top (C1) of the cervical spine. The constant, 0.2 m, represents an ap-
proximation of the length of the neck. The threshold value above which a significant
risk of a minor neck injury is considered to exist was set at 15 m2/s2 [5]. This criterion
becomes less stringent when the head is no longer parallel to T1, at head extension angles
of approximately 20–30◦.

The neck protection criterion (Nkm(t)) was developed to detect neck soft tissue injuries
in rear-end impacts [13]. It is based on the assumption that a linear combination of loads
and moments describes best the neck loading according to the expression [13]:
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Nkm(t) =
Fx(t)
Fint

+
My(t)
Mint

(2)

where Fx(t) and My(t) are the shear force and the flexion/extension bending moment,
respectively, as measured with a load cell at the upper neck. Fint and Mint represent the
critical intercept values for normalization.

The neck injury criteria (Nij) was developed by the US National Highway Traffic Safety
Administration (NHTSA) to assess severe cervical injuries caused by frontal impacts, and
is shown in the form [14]:

Nij =
FZ
Fint

+
MY
Mint

(3)

where FZ and MY are the axial force and the flexion/extension sagittal bending moment,
respectively. Fint and Mint are the critical intercept values of force and moment that are
used for normalization.

The lower neck load index (LNL(t)) considers three force and two moment compo-
nents that are measured at the base of the neck. Therefore, the evaluation requires a dummy
equipped with a load cell at the lower part of the neck to compute the expression [15]:

LNL(t) =

∣∣∣∣∣∣
√(

Mylower (t)
)2

+
(

Mxlower (t)
)2

Cmoment

∣∣∣∣∣∣+
∣∣∣∣∣∣
√(

Fylower (t)
)2

+
(

Fxlower (t)
)2

Cshear

∣∣∣∣∣∣
+

∣∣∣∣ Fzlower (t)
Ctension

∣∣∣∣
(4)

where Fi(t) and Mi(t) are the force and moment components, respectively. The denomina-
tors represent intercept values for a rear-impact dummy (RID).

The whiplash injury criterion (WIC) only takes into account injury mechanisms that
are associated with S-shaped neck configurations and is expressed as [18]:

WIC = MyOC −Mylw (5)

where MyOC represents the y moment around the occipital condyle and Mylw represents
the y moment measured at the T1 load cell.

A common limitation of injury criteria is the fact that they can only be established
under controlled conditions, i.e., in experiments. Real collisions cannot be assessed retro-
spectively by these criteria, because neck loads cannot be measured.

It can be noted that these criteria do not directly take into account neck movement.
Neither do they consider vehicle-specific factors, such as vehicle acceleration, nor the specific
biomechanics of an occupant. These factors can be relevant when assessing whiplash injuries.

2. Materials and Methods
2.1. Issues and Requirements

Several issues arise in the analysis of car impacts and their consequences for occupants.
First of all, experiments with human volunteers involving a situation with loads that can
cause injury are not permitted. Therefore, experiments with volunteers are restricted only
to the low severity range, i.e., well below any level considered to be possibly injurious.
Ethical considerations also limit how and what type of experiments can be performed with
volunteers. Difficulties with instrumentation arise as well because the sensors often cannot
be installed in the desired location, e.g., at the head or neck center of gravity, and it can be
difficult to fix them properly on the volunteer. Finally, other problems include the large
number of possible injury mechanisms and injuries that can occur.

The design of a vehicle driver monitoring system has to address certain requirements.
The device has to be able to integrate several sensors to monitor both the displacement
of the head and neck and the acceleration of the occupant’s head, neck, and torso. The
information from the sensors has to be able to be acquired with an appropriate sampling
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rate and processed in real time. It has to consist of low-cost devices to minimize the cost of
implementation in commercial vehicles. The system should provide a non-intrusive signal
measurement system that allows a driver to practice her/his normal movements without
any restriction. Finally, an architecture has to be designed that integrates all of the above
requirements, guaranteeing high reliability.

The issues and requirements for experimental characterization of the human biome-
chanical response during a vehicle impact can be summarized as in Figure 2.
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2.2. Monitoring Design

Choosing appropriate sensors when instrumenting a vehicle and occupants is impor-
tant for an experimental evaluation of the proposed index in Equation (6).

Such a device includes a series of sensors in order to characterize the risk of neck
injury in a low-cost, efficient, and user-oriented structure, based on previous experiences
in [32–34]. The monitoring system consists of a head strap, a neck strap, and a torso
waistcoat, as shown in Figure 3. The units are sensorized using low-cost, market-available
components. Four MPU-6050 IMUs [35] and two VL53L0X infrared laser sensors [35] are
installed. In addition, the I2C multiplexer TCA9548A [35] is used to expand the I2C bus
ports to connect I2C sensors [35] with the same address to a microcontroller.

Machines 2023, 11, x FOR PEER REVIEW 5 of 18 
 

 

of gravity, and it can be difficult to fix them properly on the volunteer. Finally, other 
problems include the large number of possible injury mechanisms and injuries that can 
occur. 

The design of a vehicle driver monitoring system has to address certain requirements. 
The device has to be able to integrate several sensors to monitor both the displacement of 
the head and neck and the acceleration of the occupant’s head, neck, and torso. The 
information from the sensors has to be able to be acquired with an appropriate sampling 
rate and processed in real time. It has to consist of low-cost devices to minimize the cost 
of implementation in commercial vehicles. The system should provide a non-intrusive 
signal measurement system that allows a driver to practice her/his normal movements 
without any restriction. Finally, an architecture has to be designed that integrates all of 
the above requirements, guaranteeing high reliability. 

The issues and requirements for experimental characterization of the human 
biomechanical response during a vehicle impact can be summarized as in Figure 2. 

 
Figure 2. Diagram of the issues and requirements for analyzing vehicle impact injuries. 

2.2. Monitoring Design 
Choosing appropriate sensors when instrumenting a vehicle and occupants is 

important for an experimental evaluation of the proposed index in Equation (6). 
Such a device includes a series of sensors in order to characterize the risk of neck 

injury in a low-cost, efficient, and user-oriented structure, based on previous experiences 
in [32–34]. The monitoring system consists of a head strap, a neck strap, and a torso 
waistcoat, as shown in Figure 3. The units are sensorized using low-cost, market-available 
components. Four MPU-6050 IMUs [35] and two VL53L0X infrared laser sensors [35] are 
installed. In addition, the I2C multiplexer TCA9548A [35] is used to expand the I2C bus 
ports to connect I2C sensors [35] with the same address to a microcontroller. 

 
 

(a) (b) 

Figure 3. Design of the proposed monitoring device: (a) Scheme; (b) Lab setup.

The technical specifications of the sensors used are listed in Table 1. The monitoring
system is provided with connections to a laptop that stores and processes the acquired data
by means of an appropriate code.
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Table 1. Technical specifications of the monitoring device sensors.

Technical Specification IMU
MPU-6050 [35]

Laser Infrared
VL53L0X [35]

Multiplexer
TCA9548A [35]

Operating voltage 2.375–3.46 V 2.6–3.5 V 1.65–5.5 V

Range ±16 g 50–1200 mm 0–400 kHz

Main specifications Sensitivity: 2048 LSB/g
Field of view (FOV): 25◦

940 nm laser vertical cavity
surface-emitting laser (VCSEL)

1–8 Bidirectional translating
switches

Size 16.5 × 20 mm 10.5 × 13.3 mm 30.6 × 17.6 mm

Cost 1.79 € 4.79 € 4.99 €

The signals obtained by the sensors during experiments are collected by the Arduino
MEGA 2560 microcontroller [36]. The sensors communicate with the microcontroller via the
I2C bus. The measurements of the sensors are transferred to the microcontroller and then
transmitted to the connected laptop. The specifications of the Arduino MEGA 2560 board
are listed in Table 2. Figure 4 shows the electronic design with the connections of the
sensors to the equipment used to perform the data acquisition during the experimental
tests. The used sampling frequency for data acquisition is 33 Hz.

Table 2. Technical specifications of the Arduino MEGA 2560 board.

Technical Specification Arduino MEGA 2560 [36]

Microcontroller ATmega 2560
Operating voltage 5 V
Analog input pins 16

Digital input/output pins 54
Flash memory 256 kB

Static random access memory (SRAM) 8 kB
Processor speed 16 MHz

Size 101.52 × 53.3 mm
Cost 46.12 €
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2.3. New Injury Criterion

A new criterion called NHIC2 (neck–head injury criterion 2) is formulated consider-
ing the parameters evaluated in the previous experiences. This criterion considers neck
displacement as an improvement of the expression in [37,38]. It is calculated as:

NHIC2 =
(mv + m)·av

m·(Vv)
2 · ahmax

anmax
·
((

Xh f − Xhi

)
+
(

Xn f − Xni

))
·1000 (6)

where mv is the vehicle weight, m is the occupant weight, av is the maximum vehicle
acceleration, Vv is the vehicle speed at the moment of the experiment, ahmax is the maximum
head acceleration, anmax is the maximum neck acceleration, Xh f is the position of the head
after the test, Xhi is the initial position of the head, Xn f is the position of the neck after the
test, and Xni is the initial position of the neck.

The new criterion in Equation (6) is conceived for a procedure that is designed to
improve injury risk analysis and to assess the impact effects in more detail by using more
parameters than in existing approaches thanks to improved sensorization.

2.4. Design of Experimental Tests

This section describes the new methodology proposed for the design of the experi-
mental phase using the instrumentation shown in Figures 3 and 4.

The experiments were planned with volunteers without neck or head injuries. The
experiments were designed to avoid possible damage and injury to the volunteer. A
condition of participation in the experiment was that the volunteer was in good health and
had no neck or head injuries that could be aggravated by participation in the experiment.
The experimental tests were divided into the different phases as shown in Figure 5 with
several steps, as follows.

Step 1. Experiment explanation. Before the experiment, participants were informed
about the nature, purpose, methods, and risk of the study and then asked to complete
a questionnaire on anthropometric information such as their gender, age, height, and
weight, among other factors. The subjects signed a consent form that contained a detailed
description of the experiment, its duration, and the objectives of the research. However,
participants were always given the opportunity to leave the experiment at any time during
the experiment if they wanted.

Step 2. Vehicle instrumentation. The IMU sensor MPU-6050 was fixed at the center of
gravity of the vehicle, in a horizontal position (level with the ground) and oriented with
the main direction of movement, to monitor the acceleration of the car. In addition, the two
high-precision VL53L0X laser infrared sensors were placed on the top of the steering wheel
to determine the trajectory and relative motion of the head and neck. The laser infrared
sensors were positioned properly on the steering wheel for the experiments, taking into
account the 25◦ conical measuring range of the sensor to ensure the detection of neck and
head displacement. An action camera with slow motion recording was also installed to
provide a visual record of the occupant’s movement during the experiment. Figure 6 shows
the sensors installed in the vehicle.

Step 3. Volunteer sensorization. The occupant was outfitted with the wearable units for
the head, neck, and torso to obtain the acceleration measurements of the head-front, neck,
and torso. Figure 7 shows an occupant sensorized with the wearable units. The axes used for
head movement are mediolateral (Y-axis), anterior–posterior (X-axis), and vertical (Z-axis).
Thus, the flexion–extension movement corresponds to the rotation in the sagittal plane
around the Z-axis. Before starting the measurements, preliminary familiarization tests were
performed to explain the experiment and to get the participant used to the instrumentation.
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Step 4. Performance of the experiments. The measurement instruments were checked
and calibrated before the experimental tests. Then, with the vehicle instrumented, the
occupant sensorized, and the sensors calibrated, the experiments were conducted. A lower
injury level scenario was simulated to avoid injury to the subjects. The volunteers were
seated in a normal driving position, with their backs well supported by the seatback,
looking straight ahead with their hands placed on the steering wheel and with the three-
point seatbelt fastened. In all tests, the seat back angle was set at 24◦ with respect to
the vertical plane and the head restraint was adapted to the height of each volunteer to
standardize the procedure. Due to the inclination of the seat with respect to the vertical
plane, the distance between the back of the occupant’s head and the front surface of the
head restraint was 90 mm. The braking test consisted of accelerating the vehicle to a
preset constant speed and then performing emergency braking. This type of braking is
characterized by the fact that it is fast and abrupt. It is achieved by pressing the brake pedal
firmly up to the end of its travel.

In the literature, research results from low-speed pre-impact tests that were conducted
with volunteers indicated that the volunteers were exposed to sled accelerations of between
4 and 16.8 m/s2 [23,39–41]. Consequently, for the experiments, it was decided to assume
the lowest possible risk for the participants in the experiments, so braking was performed
at 10, 20, and 30 km/h in order to obtain safe values of maximum vehicle acceleration.
It should be noted that the threshold of acceleration that can be harmful depends on the
subject. Gender, age, physical condition, and previous neck injuries, among other factors,
may affect the behavior of the volunteer during braking as well [42].

The volunteers were instructed to be relaxed before braking to prevent their muscles
from contracting. This is important because if the volunteer contracts the cervical muscles,
the movement of the spine is reduced.

The vehicle used for the experimental tests was an Opel Corsa, which weighs 1124 kg. In
addition to the driver, a second person in the co-driver’s seat was responsible for controlling
the data acquisition system in all tests and supervising the correct execution of the experiment.

Step 5. Analysis of the acquired data. Once the experiments were completed and the
data from the sensors were stored, the signals were processed to obtain the parameters
necessary to calculate the NHIC2 index.

The tests provide an approximation of the head and neck displacement, as the laser does
not always hit the same part of the occupant’s head and neck, as reported in the model in
Figure 8. As can be seen, the reference points of the sensors change during the experiment
due to the bending movement of the head. In Figure 8a, Ph and Pn correspond to the reference
points of the head and neck, respectively, before starting the experiment, from which the sensor
measures the distance. During the experiment, these points change due to the movement of
the head and neck. In the first step of the experiment in Figure 8b, the head moves forward
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and the sensor measures the distance to P′h and P′n. Then, the head moves backward and in
this case, the values of the distance to P′′h and P′′n are obtained, as in Figure 8c.

Machines 2023, 11, x FOR PEER REVIEW 10 of 18 
 

 

characterized by the fact that it is fast and abrupt. It is achieved by pressing the brake 
pedal firmly up to the end of its travel. 

In the literature, research results from low-speed pre-impact tests that were 
conducted with volunteers indicated that the volunteers were exposed to sled 
accelerations of between 4 and 16.8 m/s2 [23,39–41]. Consequently, for the experiments, it 
was decided to assume the lowest possible risk for the participants in the experiments, so 
braking was performed at 10, 20, and 30 km/h in order to obtain safe values of maximum 
vehicle acceleration. It should be noted that the threshold of acceleration that can be 
harmful depends on the subject. Gender, age, physical condition, and previous neck 
injuries, among other factors, may affect the behavior of the volunteer during braking as 
well [42]. 

The volunteers were instructed to be relaxed before braking to prevent their muscles 
from contracting. This is important because if the volunteer contracts the cervical muscles, 
the movement of the spine is reduced. 

The vehicle used for the experimental tests was an Opel Corsa, which weighs 1124 
kg. In addition to the driver, a second person in the co-driver’s seat was responsible for 
controlling the data acquisition system in all tests and supervising the correct execution 
of the experiment. 

Step 5. Analysis of the acquired data. Once the experiments were completed and the 
data from the sensors were stored, the signals were processed to obtain the parameters 
necessary to calculate the NHIC2 index. 

The tests provide an approximation of the head and neck displacement, as the laser 
does not always hit the same part of the occupant’s head and neck, as reported in the 
model in Figure 8. As can be seen, the reference points of the sensors change during the 
experiment due to the bending movement of the head. In Figure 8a, 𝑃௛  and 𝑃௡ 
correspond to the reference points of the head and neck, respectively, before starting the 
experiment, from which the sensor measures the distance. During the experiment, these 
points change due to the movement of the head and neck. In the first step of the 
experiment in Figure 8b, the head moves forward and the sensor measures the distance to 𝑃௛ᇱ  and 𝑃௡ᇱ. Then, the head moves backward and in this case, the values of the distance to 𝑃௛ᇱᇱ and 𝑃௡ᇱᇱ are obtained, as in Figure 8c. 

  
(a) (b) (c) 

Figure 8. A scheme of the data evaluation of head/neck displacements using laser infrared sensors: 
(a) Neutral posture; (b) Forward; (c) Backward. 

Figure 9 shows snapshots of the relative motion between the head and torso of a 
volunteer during an experiment. 
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Figure 9 shows snapshots of the relative motion between the head and torso of a
volunteer during an experiment.
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Figure 10 shows the map of the scenario of the experiments with indications of the
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(Vv = 0 m/s).
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3. Results

Several tests were carried out with volunteers, and representative results are discussed
to show the feasibility of the testing procedure. The results of the readings of all sen-
sors during the experiments with a volunteer are shown in plots in Figures 11–13 and
Tables 3 and 4. The volunteer was a 32-year-old male, 1.76 m tall, and weighed 77 kg.
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Table 3. Summary of the data acquired by the IMU and laser sensors during the three example tests
at different speeds performed by the same volunteer in Figures 11–13.

Volunteer 1 Vv (m/s) ah (m/s2) at (m/s2) an (m/s2) av (m/s2) Xhi (m) Xhf (m) Xni (m) Xnf (m)

Test 1 2.78 13.70 5.72 6.96 2.18 0.50 0.32 0.53 0.39

Test 2 5.56 15.99 9.01 8.19 4.03 0.53 0.28 0.53 0.33

Test 3 8.33 19.17 9.57 9.28 5.09 0.55 0.22 0.54 0.27
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Table 4. Numerical value of the NHIC2 index for tests evaluated in Table 3.

Test NHIC2

1 2937
2 1873
3 1491

Figure 11 shows the signals obtained by the different sensors during an experiment at
a speed of 10 km/h. The signals correspond to the acceleration of the head, torso, neck,
and vehicle taken from the IMU sensors, as well as the distance between the infrared laser
sensors and the head and neck of the vehicle occupant. In Figure 11, during the time
between 0 and 2 s, the occupant performs normal driving on a straight trajectory on flat
ground until the speed at which the experiment is to be performed is reached. Once the test
speed is constant, the occupant initiates the emergency braking process. The braking occurs
between 2 and 3.75 s. The head moves forward between 2 and 3 s and moves backward
between 3 and 3.75 s. Once the braking maneuver is completed, the volunteer returns to
the normal driving position and continues driving following a straight trajectory until the
end time of the test (6 s).

Referring to Figure 11, during braking in the forward motion of the occupant, the head
experiences the maximum acceleration increase in the X-axis at 13.70 m/s2, followed by
the neck at 6.96 m/s2, then the torso at 5.72 m/s2, and finally the vehicle at 2.18 m/s2. The
displacement of the head is 0.18 m and that of the neck is 0.14 m.

Figure 12 shows the results concerning an experiment at a test speed of 20 km/h.
The maximum increase in acceleration in the X-axis is again experienced by the head at
15.99 m/s2, followed by the torso at 9.01 m/s2, then the neck at 8.19 m/s2, and finally the
vehicle at 4.03 m/s2. The displacement of the head is 0.25 m and that of the neck is 0.20 m.
Braking takes place between 1.75 and 4 s. Forward movement occurs between 1.75 and 3 s
and backward movement occurs between 3 and 4 s. This results in a larger braking time
than in the previous test.

Figure 13 shows the values obtained during a test run at a speed of 30 km/h. The
maximum increase in acceleration in the X-axis is experienced by the head at 19.17 m/s2,
followed by the torso at 9.57 m/s2, then the neck at 9.28 m/s2, and finally the vehicle at
5.09 m/s2. The displacement of the head is 0.34 m and that of the neck is 0.27 m. Braking
occurs between 1.5 and 4 s. The forward movement is between 1.5 and 3 s and the backward
movement is between 3 and 4 s. This is the largest braking maneuver.

Figures 11e, 12e, and 13e show the data that are obtained directly from the infrared
laser distance sensor located on the vehicle steering wheel in front of the occupant’s head
during braking tests at different speeds. Before the test, the average distance between the
distance sensor and the vehicle occupant’s head is 0.45 m. During braking, the occupant
moves forward towards the sensor, exactly 0.32 m (10 km/h), 0.28 m (20 km/h), and 0.22 m
(30 km/h) from the sensor. After the test, the occupant continues driving in the normal
position. The head displacement was obtained by subtracting the distance between the
sensor and the head at the instant before braking and the reading from the minimum
distance obtained in the experiment.

Figures 11f, 12f, and 13f show the measurement data acquired with the infrared laser
distance sensor placed on the steering wheel of the vehicle in front of the occupant’s
neck. Before and after the experiment, the average distance between the sensor and the
occupant’s neck is 0.48 m. The minimum distance obtained between the occupant and the
sensor is 0.39 m (10 km/h), 0.33 m (20 km/h), and 0.27 m (30 km/h) during braking. The
neck displacement was obtained by subtracting the distance between the sensor and the
neck at the instant before braking and the reading of the minimum distance obtained in
the experiment.

The recorded situations refer to the model in Figure 6. Table 3 shows a summary of the
X-axis acceleration increment values of the head (ah), torso (at), neck (an), and vehicle (av)
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during emergency braking, as well as the position of the head (Xhi and Xh f ) and neck (Xni
and Xn f ) before and after the test, corresponding to three different experiments performed
by the same volunteer for a vehicle speed at the time of the test (Vv) of 2.78, 5.56, and
8.33 m/s (10, 20, and 30 km/h).

It can be noted from the results in Table 3 that the tendency is to have a larger
acceleration of the head, torso, neck, and vehicle as the predetermined speed for emergency
braking increases. There is also a trend towards a larger displacement of the head and neck
as the test speed increases.

In the 10 km/h test, the acceleration experienced by the head is 139.51% larger than
that experienced by the torso and 96.84% larger than that experienced by the neck. In the
20 km/h test, the acceleration of the head is 77.47% larger than that of the torso and 95.24%
larger than that of the neck. In the 30 km/h test, the acceleration of the head is 100.31%
larger than that of the torso and 106.57% larger than that of the neck.

The data in Table 3 are substituted into Equation (6) to obtain the numerical value of
the proposed new criterion, NHIC2, for each test. The resulting values are listed in Table 4.
The weight of the co-driver is 48 kg. Therefore, the vehicle weight (mv) is 1172 kg.

From the results obtained in Table 4, it can be noted that the NHIC2 index decreases as
the acceleration experienced during the test increases. This means a lower NHIC2 value is
calculated for more severe injuries suffered by the vehicle occupant. In addition, NHIC2
can give a more evident numerical evaluation of the risk as function of more parameters in
a risky car accident.

4. Discussion

This paper presents an experimental test that is designed to assess the potential risk
of whiplash injury to a vehicle occupant in an emergency braking scenario with reference
to a new injury criterion. The design of the experiment is divided into several phases:
explanation of the experiment, vehicle instrumentation, occupant sensorization, emergency
braking, and, finally, data analysis.

To carry out the experiments, IMU sensors, infrared laser sensors, and a camera were
used to obtain head, neck, torso, and vehicle acceleration, head and neck displacement,
and occupant movement. These sensors enabled the risks of head and neck injury to be
properly analyzed and the new injury criterion to be formulated. The proposed NHIC2
criterion takes into account the consequences for the occupants in terms of head, neck,
and torso kinematics and vehicle impact dynamics. The NHIC2 assessment allows for a
well-differentiated numerical determination according to additional parameters that have
been considered to be the most important determinants of whiplash risk. The proposed
new criterion can be used to analyze the risks and consequences of a road traffic crash.

From the experimental results, it can be noted that the head experiences the largest
accelerations, followed by the neck and torso, and finally the vehicle. The acceleration in
the head, neck, torso, and vehicle increases as the speed at which the emergency braking is
executed increases. In terms of displacement, in all tests, the displacement experienced by
the head is larger than that experienced by the neck. In all experiments the displacement of
the head and neck increases as the speed at which the test is performed increases.

The procedure described in this work can be used to perform reliable biomechanical
tests, under real conditions, using low-cost devices. The main limitation of this paper is
that a volunteer cannot be exposed to acceleration levels that could cause injury.

A more statistically significant test campaign (with 10–20 volunteers) can be planned
in future work for a better investigation of the risk evaluation using the reported test layout.

5. Patents

Ceccarelli, M.; Cafolla, D.; Russo, M.; Garrosa, M.; Díaz, V. No. 102022000022092,
Vehicle driver monitoring device, Italy Patent Request, 26 October 2022, No. 202231105,
Spain Patent Request, 23 December 2022.
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