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Neck injuries remain a critical concern in vehicle safety, particularly during dynamic
movements and terrain-induced impacts. Traditional test dummies and wearable devices
often fail to capture real-time biomechanical neck responses under such conditions. This
study introduces a smart mannequin system designed to measure axial forces and cervical
moments in realistic vehicle environments. The system integrates S-type load cells and
HX711 amplifiers with a Raspberry Pi 4 for real-time processing, enhanced by Kalman
filtering for signal clarity. Calibration was conducted using reference weights from 5 N to
40 N in 5 N increments, with each step validated against a force gauge. The mannequin
was tested across various terrains, including straight tracks, inclines, sinusoidal roads, and
uneven surfaces, representing realistic military and civilian vehicle conditions. Results
showed minimal calibration deviation (2—4 N), with peak force measurements reaching
30.63 N and moment readings up to 1.25 Nm. Higher speeds reduced axial loading on
stable tracks, while irregular terrain increased neck strain. The system consistently
captured neck loading dynamics, offering a safe, repeatable alternative to human-based
testing. Its practical application spans ergonomic vehicle design, occupant safety analysis,

and fatigue detection in transport environments.

1. INTRODUCTION

Designing environments to meet human needs, a concept
central to ergonomics, is vital for ensuring safety and comfort
across various domains [1]. From workplace setups to daily
tools, ergonomics plays a crucial role in enhancing
productivity, reducing physical strain, and preventing injuries
[2]. The neck, as a biomechanically sensitive and critical area,
often experiences stress and discomfort during routine tasks,
highlighting the importance of precise and effective
ergonomic solutions [3]. Recent technological innovations,
including force-measuring systems, have provided researchers
with tools to address these challenges and develop solutions
for safer and more comfortable human interactions with their
environments [4-7].

Analyzing the neck poses significant challenges due to its
intricate biomechanics and susceptibility to dynamic forces [8-
13]. Whiplash injuries, for instance, are prevalent in rear-end
collisions, often leading to neck pain and associated disorders
[14-18]. These injuries are not only common in vehicle crashes
but also occur in occupational settings where repetitive or
extreme motions strain the cervical spine [19-22].
Additionally, vehicle dynamics like vibrations and sudden
accelerations expose the neck to forces that are difficult to
measure with precision [23, 24]. Overcoming these obstacles
is crucial to developing safety systems that minimize injury
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risks and enhance comfort for passengers and drivers.
Conventional force measurement methods, including crash
test dummies and static models, offer insights but fall short in
replicating real-world conditions [25-28]. Wearable sensors
add a degree of adaptability but often rely on human test
subjects, raising ethical and logistical concerns [29-32].
Recent developments, such as integrating load cells into
dynamic systems, enable accurate, real-time force
measurements under controlled yet realistic conditions,
bridging a crucial gap in current methodologies [33-35].
Several recent studies have attempted to address these
limitations using innovative sensor-based approaches. Lin et
al. [36] proposed a cervical spine biomechanics evaluation
system based on a 3D-printed C2-C3 vertebrac model
embedded with flexible pressure sensors, validated through
finite element analysis. While their system provided detailed
pressure mapping during flexion, extension, and rotation, it
was primarily confined to static or robotic test conditions.
Other methods, such as strain gauge-based systems [37, 38]
and pressure sensors [39], have been explored for their real-
time capabilities, but they typically lack depth sensitivity or
struggle in highly dynamic environments. Electromyographic
(EMG) systems, which measure muscle activity as a proxy for
force, offer another alternative but often suffer from signal
instability and require complex calibration procedures [40, 41].
These findings highlight the need for a robust, field-
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deployable solution capable of directly and reliably measuring
neck forces and moments under realistic operational
conditions.

This research focuses on creating a neck force-measuring
system integrated into a mannequin to provide precise, real-
time data during dynamic scenarios. By incorporating
advanced load cell sensors and a robust data analysis
framework, this system addresses the limitations of traditional
approaches. It is designed to deliver practical insights that
support enhanced ergonomic evaluations and vehicle safety
designs.

The methodology integrates strategically placed load cells,
cutting-edge microcontrollers, and an intuitive data
visualization platform to deliver a robust force measurement
system. This approach not only improves the safety and
ergonomics of vehicle designs but also offers a versatile
solution adaptable to various industries, making it a significant
advancement in applied ergonomics.

The remainder of this paper is organized as follows: Section
2 reviews related work, Section 3 presents the results and
discusses the findings, and Section 4 concludes with future
directions.

2. RESEARCH METHODS

This section reviews the relevant literature on force
measurement technologies, the application of smart
mannequins in ergonomic studies, and the challenges
associated with neck biomechanics. By identifying key
advancements and gaps in the field, this review establishes the
foundation for the proposed neck force-measuring system.

2.1 Literature review

Accurate biomechanical force measurement is essential for
improving safety and comfort in both vehicle environments
and occupational settings. Among the most vulnerable areas of
the human body is the neck, which supports the weight of the
head while allowing a wide range of motion. Its complex
biomechanics make it particularly susceptible to dynamic
loads, especially during real-world scenarios such as off-road
driving, uneven terrain traversal, or long-term exposure to
vibration [42-44]. These forces, though often less severe than
crash impacts, can still produce chronic musculoskeletal issues
over time [45].

One of the most prevalent cervical injuries in vehicle
environments is whiplash, commonly caused by sudden
acceleration-deceleration forces, such as in rear-end or side-
impact collisions [11, 46]. This condition is characterized by
hyperflexion and hyperextension of the neck, often resulting
in soft tissue damage, inflammation, and long-term pain.
Beyond whiplash, individuals exposed to continuous low-
level vibration—such as military personnel, construction
vehicle operators, or long-haul drivers—may develop
cumulative trauma disorders [47, 48]. These include cervical
strain, degenerative disc changes, and tension-type neck pain.
Occupational settings involving awkward postures or
repetitive tasks, such as aviation maintenance or heavy
machinery operation, have also been linked to increased risk
of chronic neck discomfort [49]. Capturing the mechanical
origins of these injuries requires systems that can detect not
only sudden force spikes but also sustained loading and subtle
moment variations over time [50].
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These injury patterns highlight the limitations of traditional
testing tools like crash test dummies (anthropomorphic test
devices), which have long served as the standard in vehicle
safety evaluation [51]. However, they are primarily engineered
for high-speed collision scenarios, offering limited insight into
lower-intensity, repetitive motions typical of operational
driving conditions. Their rigid neck structures, limited joint
articulation, and sparse sensor configurations restrict their
ability to simulate or capture cervical dynamics in real time
[52, 53]. Likewise, static models—though useful for
anthropometric or postural analysis—are incapable of
replicating time-dependent force interactions or movement
feedback under dynamic conditions. These limitations have
left a significant gap in real-time cervical force monitoring for
ergonomic research [54].

To address these challenges, researchers have explored a
variety of alternative sensors. Electromyography (EMG) has
been used to estimate muscle activation, but its indirect nature
and high signal variability limit its accuracy [55]. Pressure
sensors, while simple to apply, are primarily suited for surface
interactions and lack depth sensitivity [56]. Strain gauges
provide localized strain data but are sensitive to environmental
drift and difficult to install in moving systems [57]. Each of
these systems presents constraints that make them less ideal
for dynamic neck force measurement.

In contrast, load cells offer direct, real-time force
measurements with high accuracy and minimal noise [58].
Their robustness under motion, compatibility with dynamic
systems, and adaptability for field and lab settings make them
particularly suitable for capturing axial loads and calculating
neck moments. When integrated into a mannequin structure,
load cells enable the simulation and monitoring of neck
biomechanics under realistic conditions. Table 1 summarizes
the comparative advantages and limitations of commonly used
sensor types in this domain.

Table 1. Comparative overview of sensor technologies for
cervical biomechanics

Sensor Type Advantages Limitations
Captures Indirect measurement,
EMG neuromuscular high variability, signal
response noise [59]

Easy to apply, good for
interface force
detection
High sensitivity in  Installation complexity,
controlled conditions temperature-sensitive [61]
High accuracy, real- Requires mechanical
time output, reliable in  integration; limited to

dynamic settings specific axes

Lacks directionality and

Pressure Sensor depth information [60]

Strain Gauge

Load Cell

These constraints underscore the need for a dedicated,
responsive system capable of capturing real-time neck loading
in both controlled and realistic environments. The smart
mannequin developed in this study addresses this gap by
integrating load cell technology with a biomechanically
responsive neck structure. Its use in both laboratory and field
tests provides a novel approach for tracking cervical forces and
moments, offering greater fidelity, repeatability, and ethical
safety compared to traditional human-subject methods.

2.2 System design

The primary objective of this system is to measure forces



applied to the head and the moments generated by neck
movements when subjected to uneven terrain. This
functionality is achieved by utilizing load cells to detect the
forces and employing a custom mechanical setup to capture
the moments caused by neck movement.

Uniaxial
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Figure 1. System design of neck measurement system

The system which can be seen on Figure 1 relies on S-type
uniaxial load cells to measure the forces exerted on the head.
These sensors are connected to HX711 amplifiers, which
process the signals for accurate data acquisition. The load cells
are strategically positioned beneath the neck within the chest
section of the mannequin to ensure precise measurements of
the forces transmitted through the neck structure.

As a fundamental concept in biomechanical analysis, the
applied force on the mannequin is described by Newton’s
Second Law, as shown in Eq. (1):

F=m-a (1)
where, F represents the force (N), m is the mass (kg) acting on
the system, and a is the acceleration (m/s?) resulting from
dynamic motion. This equation forms the theoretical basis for
interpreting the forces exerted on the neck during testing,
particularly in scenarios involving varying speeds and terrain-
induced vibrations.

A Raspberry Pi 4 serves as the primary microcontroller,
managing both data acquisition and processing tasks. Its
computational capacity enables efficient handling of real-time
sensor data and seamless communication with the
visualization platform. The system is powered by a portable
power bank, providing flexibility and ensuring uninterrupted
operation independent of external power sources. Data
transmission occurs via Wi-Fi and an API, allowing real-time
sensor readings to be sent to a web-based dashboard. This
dashboard facilitates the visualization of both real-time and
historical data, offering insights into the forces and moments
experienced by the mannequin’s neck.

To evaluate the moments acting on the neck (flexion,
extension, and lateral), the system applies the basic principle
of rotational mechanics. As shown in Eq. (2), the moment of
force is calculated as the product of the applied force and the
perpendicular distance from the axis of rotation to the point of
force application. The moment of force is defined as:

M=d-F 2)

Here, M represents the moment (Nm), F is the axial force
measured by the load cell (N), and d is the perpendicular
distance from the point of force application (e.g., the contact
point on the head or neck) to the axis of rotation (m). In the
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proposed setup, this distance is determined based on the
geometric configuration of the spring-loaded U-joint structure
connecting the mannequin's head and neck. By applying
known lateral and axial forces at fixed offsets, the system
approximates neck moments in dynamic scenarios.

To better visualize the physical interpretation of Eq. (2), a
simplified biomechanical model of the neck is presented in
Figure 2. The mannequin’s head is modelled as a rigid body
pivoting at the base of the neck. External forces applied at a
distance d from this pivot produce mechanical moments
corresponding to flexion, extension, or lateral bending,
depending on the direction of the applied force.

This model clarifies how sensor data and known offsets can
be mapped to real-world neck mechanics. The schematic
complements the physical structure shown in Figure 2 by
illustrating the force-moment relationship in biomechanical
terms.

Figure 2. Lateral, flexion and extension moments, (a) Lateral
bending moment produced by side-directed force on the
head, (b) Flexion and extension moments produced by
anterior and posterior force application on the head

The value of d corresponds to the offset distance in the
spring-mounted U-pipe assembly illustrated in Figure 2 which
connects the arms and houses the load cell at the midpoint of
the U-structure. A motorcycle spring is positioned on top of
the load cell, enabling controlled head movement while
accurately transmitting forces and moments to the sensor.
Calibration of the load cell sensors is performed prior to use
by placing a known weight on the system. A dedicated
software program facilitates this process, ensuring the sensor
readings align with the expected values of the reference weight.
Data captured by the sensors is stored locally on the Raspberry
Pi’s internal storage when Wi-Fi is unavailable. In the
presence of Wi-Fi, the data is transmitted to the web dashboard
via the API. This dual approach ensures data accessibility and
reliability under varying connectivity conditions. Although
specific durability measures are not currently implemented,
the modular design of the system provides opportunities for
future enhancements to improve its resilience in demanding
environments.

The system has undergone initial laboratory testing to verify
its ability to measure forces accurately. Known weights were



used to validate the calibration of the load cells. Additionally,
preliminary tests were conducted to assess the moments
generated by neck movements during development. While the
system demonstrated reliable force measurement capabilities,
external validation tools for moment calculations were
unavailable. Future efforts may involve the development or
integration of specialized tools to enhance validation.

While load cells provide accurate, real-time force
measurements, their integration into a dynamic mannequin
system introduces several practical challenges. Mechanical
alignment is critical; misalignment between the mannequin’s
neck structure and the load cell can introduce off-axis forces,
resulting in inaccurate readings. The uniaxial nature of S-type
load cells also limits their ability to detect complex multi-
directional forces unless complemented with additional
sensors. Furthermore, ensuring secure sensor placement in a
movable, jointed system requires careful design to avoid
mechanical decoupling or slippage during movement.
Electrical wiring must be strain-relieved and shielded to
minimize noise and disconnection due to repeated motion.
Temperature changes and prolonged use may also lead to
signal drift or require periodic recalibration. These factors
were considered in the mechanical design, and while initial
testing confirmed functional stability, future improvements
will focus on enhancing mounting robustness and
environmental resilience.

2.3 System flowchart

The physical design of the neck—head measurement
structure is illustrated in Figure 3, which shows the mannequin
head, motorcycle spring, and U-shaped PVC component. This
setup serves as the mechanical basis for capturing forces and
moments during motion, with the load cells mounted to
respond to movement and pressure along the vertical axis.

. —
H

Mannequinn Head
Weight : 5 kg

Motorcycle Spring
Length : 20.9 cm / 209 mm

U Shaped PVC
Length : 23.7 cm / 237 mm

Figure 3. Neck to head structure

The flowchart as seen in Figure 4 represents the operational
workflow of the proposed neck force-measuring system. It
outlines the sequential steps involved in initializing the system,
acquiring and processing data, and ensuring its accessibility
for further analysis. The flowchart serves as a visual guide to
understand the system’s logic and decision-making processes,
ensuring clarity and reproducibility in its implementation.

The process begins with the initialization of the Raspberry
Pi microcontroller, ensuring that all hardware and software
components are properly configured and ready for operation.
Following this, the system performs a self-calibration process
for the load cells, a vital step to ensure accurate force
measurements. During calibration, the sensor readings are
adjusted to align with predefined reference values, minimizing
any potential errors.
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Figure 4. Flowchart of force and moment measurement
system

After calibration, the system proceeds to acquire real-time
data from the load cells. This raw data is processed using a
Kalman filter algorithm with Egs. (3)-(5), which reduces noise
and improves accuracy. The Kalman filter operates using the
following equations:

Py

K - - - -
kT p_,+R

3

where, K}, is the Kalman gain, P,_, is the process variance,
and R is the measurement variance.
The updated state estimate is then computed as:
xy = X1 + Ky - (Bx — Xp-1) (4)
where, x;, is the updated state (filtered estimate), x;_4 is the
Previous state estimate, and 2, is the new measurement.
The updated process variance is calculated as:
Py =(1—Ky) Py (5)
After calibration, the system proceeds to acquire real-time
data from the load cells. This raw data is processed using a
Kalman filter, which reduces noise and improves accuracy.
Once processed, the data is logged into local storage, creating
a secure record that ensures accessibility even in the absence
of network connectivity. This dual functionality guarantees

that the collected data remains retrievable for further analysis
regardless of the system’s connectivity status.



One of the critical decision-making steps in the workflow
involves checking for Wi-Fi connectivity. If the system detects
an active Wi-Fi connection, it transmits the processed data to
a server, enabling visualization on a web-based dashboard.
This dashboard provides users with real-time monitoring and
analysis of the neck forces and moments experienced by the
mannequin. If no Wi-Fi connection is available, the system
securely retains the data in its local storage for later retrieval
and use.

At the end of each operational cycle, the system evaluates
whether further measurements are required. If additional data
collection is necessary, the process loops back to the data
acquisition stage, allowing for continued operation. If the
operation is complete, the system shuts down, effectively
concluding the cycle. This logical progression ensures
efficient use of resources while maintaining data integrity.

The Wi-Fi connectivity check is a critical feature of the
system, enabling flexible and reliable operation under varying
network conditions. Similarly, the evaluation of the
operational cycle’s completion ensures that the system
efficiently transitions between tasks or concludes its workflow
when appropriate. These decision points are integral to
maintaining the adaptability and efficiency of the system’s
operation.

The system’s outputs include real-time data visualization on
the web-based dashboard, which allows users to evaluate the
mannequin’s  performance under various conditions.
Additionally, the system’s ability to log data locally on the
Raspberry Pi provides an essential offline storage option,
ensuring that data remains accessible for further analysis when
network access is unavailable. The flowchart provides a
comprehensive representation of the system’s operational
logic. Each step is carefully designed to ensure accurate and
reliable data acquisition and processing. By incorporating
decision points such as Wi-Fi connectivity and operation
completion, the system demonstrates robustness and
adaptability in diverse operational conditions. The application
of the Kalman filter enhances data quality, while the dual data
storage capability ensures redundancy and reliability. These
features collectively make the system a practical and effective
tool for ergonomic analysis and safety assessments.

2.4 Testing scenarios

The purpose of the testing scenarios was to validate the
accuracy of the system’s force and moment measurements
under real-world conditions. Unlike simulation-based
approaches, this study relied on empirical data collected
directly from field trials, ensuring realistic representation of
vehicle-induced motion and neck loading. These tests were
conducted in two distinct environments: the Test Tracks and
Uneven Terrain. The dataset consisted of 20 distinct test
conditions, combining six terrain types and varying speed
levels, with each condition contributing seven consecutive
data points from real-world vehicle testing. This approach
ensures the dataset accurately reflects dynamic motion while
maintaining consistency for analysis. In addition, two slope
scenarios—uphill at 45% and downhill at 60%—were tested
under dynamic, non-standardized speeds to assess the
system’s performance during extreme gradient transitions.
Both environments were chosen to challenge the system’s
ability to capture and process data in conditions simulating the
dynamic movements and shocks experienced by a neck in a
rugged vehicle.
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The laboratory testing aimed to calibrate the load cells and
validate their performance in a controlled setting. To achieve
this, the system was calibrated using known reference weights
ranging from 5 N to 40 N, applied in 5 N increments to the top
of the mannequin’s head to simulate axial force. At each
increment, the load cell’s output was compared against a pre-
calibrated handheld force gauge, ensuring reliable ground-
truth validation. A custom Python-based script mapped the
raw ADC values from the HX711 module to real-world force
values, forming a calibration curve with a strong linear
response. Deviations between load cell and force gauge
readings were observed to be within 2-4 N at higher loads. To
quantitatively evaluate this deviation across all calibration
points, the accuracy was further assessed using the Mean Error
Percentage (MEP), calculated as:

x 100

n
MEP = lz IFGauge,i = Floadceui ©
i=1

ns FGauge,i

where, n is the number of measurement samples, Fggyge i iS
the force measured by the force gauge in the i*" trial, and
Floadcen,i 15 the corresponding load cell measurement. This
metric provided a more detailed assessment of calibration
quality beyond single-point deviations, reinforcing the
reliability of the system under expected force ranges.

This metric confirmed that error rates remained within an
acceptable range (MEP~3.12%), supporting the validity of
the calibration. For moment validation, controlled lateral,
flexion, and extension forces were applied at known distances
from the neck pivot point. The corresponding moment values
were computed using torque equations and compared with
sensor outputs to ensure consistency. This combined
calibration and validation approach confirmed that the system
maintained reliable accuracy across its expected force and
moment ranges.

The Test Tracks, a specialized vehicle testing facility,
offered various road types and conditions for dynamic system
evaluation. The tests included measurements on a straight road
at speeds of 10 to 40 km/h, where the system demonstrated
consistent force readings, with minor variations caused by
vehicle vibrations at higher speeds. Inclined tracks, tested at
similar speeds, revealed the system’s sensitivity to
gravitational loads, with forces increasing proportionally to
the gradient.

Sinusoidal bumps (Sinus 1 and Sinus 2) introduced
oscillatory forces, providing a dynamic challenge that allowed
the system to demonstrate its capability in capturing transient
forces. Parallel blocks created sharp impacts, testing the
system’s response to high-magnitude forces and moments
during rapid transitions. Steep slopes, with gradients of 60%
and 35%, allowing for a comprehensive evaluation of the
system’s accuracy in capturing forces and moments during
abrupt changes in gravitational load.

The Uneven Terrain presented a challenging real-world
environment with uneven roads to evaluate the system’s
adaptability. These tests focused on the system’s performance
during uphill and downhill navigation at speeds of 5 to 15
km/h. The terrain simulated unpredictable forces and moments,
offering valuable insights into the system’s behavior under
off-road conditions.

Throughout all tests, the system collected data on the forces
and moments experienced by the mannequin’s neck. A
Kalman filter was applied to process the raw sensor readings,



refining the output and minimizing noise. This technique
enhanced data accuracy and allowed for more reliable analysis
of forces and moments. Although no direct comparisons were
made with external benchmarks, the data provided critical
insights into the system’s functionality. The system
demonstrated high accuracy in capturing neck forces,
particularly during tests at the Test Tracks. However, reduced
sensitivity in moment readings was observed under specific
conditions, such as during shocks from sinusoidal bumps.
Despite these limitations, the system’s overall performance
remained consistent, and the collected data proved valuable for
further analysis and system improvement.

One notable challenge encountered during testing was the
reduced sensitivity of the moment readings under certain
dynamic conditions, such as shocks experienced on the tracks.
This limitation underscores the need for adjustments in sensor
placement or calibration to improve moment detection
accuracy. Overall, the testing scenarios provided a
comprehensive evaluation of the system’s capabilities,
establishing a strong foundation for refinement and application
in dynamic environments.

3. RESULTS AND DISCUSSIONS

This section presents the results obtained from testing the
proposed neck force-measuring system and discusses the
implications of the findings. The results validate the system's
performance under varying conditions and highlight key
insights into its accuracy and adaptability.

3.1 Results

The findings from the testing scenarios provide an in-depth
understanding of the system’s performance under both
controlled laboratory conditions and dynamic field
environments. The analysis covers axial force measurements
and moments of force for flexion, extension, and lateral
movements, derived from laboratory testing, the Test Track,
and the Uneven Terrain.

The first scenario is laboratory testing results. As seen in
Figure 5, a comparison chart illustrates the system’s
calibration precision, showing that at a force gauge reading of
30N, the load cell reading without filtering was 27.65 N, while
the Kalman-filtered value improved to 29.42 N.

Gauge Reading (N)
— — Force Reading (N)
Filtered Force Reading (N) |

Measurement Index

Figure 5. Loadcell measurement index

The axial force readings highlight the accuracy of the load
cell system when compared to the force gauge. The load cell
readings closely aligned with the force gauge values, with
deviations ranging from 2 to 4 N at higher forces (above 15 N).
After applying the Kalman filter, the readings demonstrated
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improved stability and accuracy by minimizing noise in the
raw load cell data.

Table 2. Flexion laboratory test results

Force Applied Average Flexion Average Filtered Flexion

) (Nm) (Nm)
5 0.14 0.13
10 0.08 0.07
15 0.23 0.27
20 0.05 0.05
25 0.07 0.10

Table 3. Extension laboratory test results

Force Applied Average Extension Average Filtered Extension

™ (Nm) (Nm)
5 0.07 0.07
10 0.02 0.02
15 0.07 0.07
20 0.12 0.12
25 0.14 0.14

Table 4. Lateral moment test results

Force Applied Average Lateral Average Filtered Lateral

) (Nm) (Nm)
5 0.01 0.03
10 0.06 0.06
15 0.09 0.32
20 0.07 0.13
25 0.09 0.09

The measured moments for flexion, extension, and lateral
motion were computed using Eq. (2), based on the force values
obtained from the load cells and the known offset distance
from the rotation axis.

Next, flexion tests result as seen in Table 2 revealed a
consistent pattern in the moments of force generated as the
applied load increased. For example, at an applied force of 20
N, the flexion moment was recorded at 0.05 Nm both before
and after Kalman filtering, demonstrating the system’s
stability in measuring flexion moments. However, the absence
of external validation tools limited the direct assessment of
absolute accuracy.

In extension tests as shown in Table 3, the measured
moments increased proportionally with the applied force. At a
force of 30 N, the extension moment was recorded as 0.25 Nm
for raw and 0.273 Nm filtered data. The consistency between
raw and filtered values validates the robustness of the system
in measuring extension moments under controlled conditions.

Table 4 shows lateral moments, smaller magnitudes of force
and moment were observed compared to flexion and extension.
At 30 N applied force, the lateral moment was calculated at
0.15 Nm both the raw data and with Kalman filter. These
findings confirm the system’s ability to measure lateral
moments accurately.

Moreover, the test track provided a controlled environment
to assess the system’s response under different dynamic
conditions, particularly on a straight road where external
disturbances were minimal. As shown in Figure 6, the
recorded force values exhibited a decreasing trend as speed
increased. At 10 km/h, the highest force measured was 0.23 N,
indicating a relatively higher level of interaction between the
mannequin and the vehicle. As speed increased to 20 km/h, the
force significantly dropped to 0.04 N, suggesting a



stabilization effect. However, at 30 km/h, a slight increase to
0.13 N was observed, which may be attributed to minor
oscillations or variations in road contact. At the highest speed
of 40 km/h, the force value reached its minimum at 0.01 N,
implying that higher speeds resulted in smoother motion
dynamics and reduced vertical displacement. This overall
trend suggests that on a straight and smooth surface, the forces
exerted on the mannequin decrease as speed increases, likely
due to improved stability and reduced impact from surface
irregularities. Additionally, the neck moment analysis on a
straight road showed no measurable forces acting on the
mannequin's neck, confirming a stable head and neck posture
with minimal biomechanical strain.

T
.0 Kk
20 kivh
0.3 - |EEE 30 ke/h
I 40 kb

Force (N)

Iteration

Figure 6. Straight road force test results

The force values observed under dynamic testing conditions
reflect the accelerative effects described by Newton’s Second
Law in Eq. (1), where variations in vehicle speed and surface
topology result in corresponding changes in net force exerted
on the mannequin’s structure. Specifically, when the vehicle
encounters inclines, declines, or irregular terrain, the resulting
acceleration or deceleration affects the magnitude of force
transmitted through the mannequin’s neck. These external
mechanical inputs directly influence the sensor readings,
validating the relationship between motion-induced
acceleration and measured force as predicted by fundamental
biomechanical principles.

Under the Inclined Road condition as seen in Figure 7, the
forces displayed a gradual increase with speed before slightly
declining. At 10 km/h, the recorded force was 0.01 N,
increasing to 0.03 N at 20 km/h and peaking at 0.17 N at 30
km/h. However, at 40 km/h, the force dropped slightly to 0.11
N. This pattern indicates that as the vehicle maneuvers on an
inclined surface, higher speeds amplify the forces, but the
decline at higher speeds may reflect reduced lateral force
impact due to stabilization effects.

0.3
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I 20 kr'h
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0.25 - 40 ki
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Iteration

@
@
~

Figure 7. Inclined Road force test results

The results from the Inclined Road test indicate uniform
neck moment values across all movement directions. Figure 8.
shows recorded values for flexion, extension, and lateral
movements are all 0.143 Nm for both raw and filtered data,
showing no significant variation. The identical values across
all directions suggest a balanced distribution of forces during
tilting motion. Additionally, the absence of fluctuations
between raw and filtered data indicates minimal noise
interference, ensuring high reliability of the measurements.
These findings highlight that the tilting motion results in
consistent neck loading, which may suggest a stable posture
adaptation without excessive strain on any specific direction.

0.15 -
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Flexion Extension Lateral

Figure 8. Inclined track moment test results
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The sinusoidal road conditions reveal distinct force
responses. For Sinusoidal 1 Road as seen in Figure 9, the
forces were higher at lower speeds, with values of 0.06 N at 5
km/h and 0.09 N at 8 km/h, reflecting a direct impact of the
undulating surface on the force measurements.
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Figure 10. Sinusoidal-1 moment test results



The results from the Sinusoidal-1 test which can be seen in
Figure 10 indicate relatively low neck moment values across
all measured directions, suggesting minimal strain during this
motion. The raw flexion moment was recorded at 0.01167 Nm,
with a filtered value of 0.0115 Nm, indicating minimal noise
in the measurements. Similarly, the extension moment showed
values of 0.01067 Nm (raw) and 0.0105 Nm (filtered), while
the lateral moment recorded 0.01 Nm (raw) and 0.00983 Nm
(filtered). The filtered values closely follow the raw data,
confirming the consistency of the measurements. These results
suggest that Sinusoidal 1 moments induces minimal neck
loading, likely due to controlled movements and stable posture
during this phase. The low magnitude of forces implies that
this motion does not contribute significantly to neck strain,
making it a relatively neutral movement in terms of
biomechanical impact.
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In sinusoidal-2 Road, as seen in Figure 11, the force
magnitudes were broader, ranging from 0.12 N at 5 km/h to
0.21 N at 8 km/h, showing a greater dynamic response
compared to Sinusl. These results emphasize the pronounced
effect of sinusoidal bumps on the mannequin’s force readings,
especially as the surface undulations increase in intensity. The
increased force variations suggest that as the vehicle moves
over periodic bumps, the mannequin experiences more
fluctuations in wvertical displacement, resulting in higher
recorded forces. This could be attributed to the oscillatory
motion of the surface, which amplifies dynamic effects on the
mannequin's load sensors. The more pronounced forces at
higher speeds highlight the impact of increased kinetic energy
in response to surface irregularities, making sinusoidal road
profiles a critical factor in assessing biomechanical stability.
Additionally, the analysis of neck moments revealed no
measurable forces acting in flexion, extension, or lateral
directions, suggesting that the mannequin’s head and neck
remained stable despite the oscillatory motion.

The parallel blocks test revealed notable force variations
across different speeds, as depicted in Figure 12. At a low
speed of 5 km/h, the force recorded was 0.08 N, indicating
minor disturbances due to the structured obstacles. However,
as speed increased to 8 km/h, the force surged to 0.91 N,
reflecting the more pronounced impacts caused by the rigid
parallel blocks. This pattern suggests that as velocity rises, the
mannequin encounters more intense and frequent force spikes
due to the structured and repetitive nature of the obstacles. The
test highlights the system’s capability to capture sudden
changes in surface conditions, demonstrating its
responsiveness to rapid, uneven shocks. The parallel
arrangement of obstacles produced a repetitive force pattern,
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Figure 11. Sinusoidal-2 force test results
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which underscores the mannequin’s sensitivity to abrupt load
changes, particularly at higher speeds. Despite these variations,
analysis of neck moments, showed no measurable torque in
any direction, indicating that the mannequin’s head and neck
remained stable, unaffected by the parallel block-induced
disturbances. The absence of neck moment values could be
attributed to the test setup’s suspension system effectively
absorbing vibrations before they reached the mannequin or to

the mannequin’s inherent resilience against minor
perturbations.
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Figure 12. Parallel blocks force test results
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The 45% uphill slope test conditions demonstrated a gradual
increase in force values as the slope’s steepness and speed
combined in Figure 13. The force started at 0.09 N and reached
a peak of 0.78 N, highlighting the effect of gravitational pull
and vehicle dynamics during uphill motion. As the mannequin
experienced greater pressure, the force steadily increased with
speed, indicating a more predictable loading pattern. In
contrast, in Figure 14, the 60% downhill condition showed
significant fluctuations in force values, with a dramatic peak
of 2.41 N at 30 km/h before dropping to 0.16 N at 40 km/h.



This sharp variation suggests that acceleration and shifting
load dynamics contribute to amplified forces during descent.
Despite these force variations, the mannequin’s neck remained
stable on the 60% incline, with no measurable moments in
flexion, extension, or lateral directions. However, the 45%
incline test recorded small but consistent neck moments across
all directions, with flexion showing the highest values.

The results from the uphill testing at Uneven Terrain as seen
in Figure 15, conducted at speeds of 5 to 15 km/h, reveal
distinct trends in the forces experienced by the mannequin. At
the lowest speed of 5 km/h, forces are consistently high,
averaging at 4.94 N, reflecting the significant gravitational and
terrain-induced resistance during the climb. As the speed
increases to 10 km/h, there is a noticeable reduction in force
magnitudes, with values reaching 0.37 N in average. This
reduction suggests that the higher speed reduces the duration
of terrain contact, minimizing the impact forces. At 15 km/h,
the forces begin to rise again, ranging from 1.01 N to a
maximum of 5.03 N, indicating that the increased speed
amplifies the dynamic effects of the uneven terrain on the
mannequin. The variations in forces across these speeds
highlight the system's sensitivity to both gravitational pull and
the dynamic interaction between vehicle motion and terrain
characteristics, offering valuable insights for assessing neck
and body load distribution in challenging environments.
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Figure 16. Uphill moment test results

The results of the uphill motion tests, as illustrated in Figure

16, indicate that neck moments vary significantly with velocity.

At 5 km/h, the mannequin experienced the highest forces, with
flexion, extension, and lateral moments averaging 1.258 Nm,
1.16 Nm, and 1.086 Nm, respectively. This suggests that at
lower speeds, the mannequin encounters greater resistance
forces, likely due to the initial effort required to overcome
inertia. However, at 10 km/h, all moment values dropped
drastically to approximately 0.034 Nm (flexion), 0.032 Nm
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(extension), and 0.029 Nm (lateral), indicating that at
moderate speeds, the mannequin maintains a more stabilized
posture, reducing strain on the neck. At 15 km/h, the values
increased again, with flexion, extension, and lateral moments
reaching 0.49 Nm, 0.45 Nm, and 0.42 Nm, respectively. This
moderate increase suggests that higher speeds introduce
additional dynamic instability, leading to slight fluctuations in
neck loading. These findings highlight that lower speeds tend
to generate higher neck moments due to initial resistance,
whereas moderate speeds provide the most stable conditions,
and higher speeds cause a slight rise in forces due to
acceleration effects.

Meanwhile the results from the downhill testing at Uneven
Terrain highlight significant variability in the forces
experienced by the mannequin due to the dynamic nature of
the descent. In Figure 17, the lowest force readings, values
ranged from 0.06 N to 0.37 N and averaging at 1.32 N,
corresponding to minimal resistance and smoother terrain
sections. However, extreme spikes were observed, such as a
peak force of 30.63 N, reflecting sudden impacts or jolts likely
caused by abrupt terrain changes or increased gravitational
acceleration during steeper sections of the slope. At moderate
force levels, values consistently ranged between 1.06 N and
2.70 N, representing sections where the vehicle-maintained
stability while navigating uneven terrain. Additionally, lower
force peaks such as 4.89 N and 4.68 N indicate sections of
controlled descent with moderate terrain irregularities.
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Figure 18. Downhill moment test results

The results of the downhill moment tests, as seen in Figure
18, reveal a trend of increasing neck moments with higher
velocities. At 5 km/h, the mannequin experienced relatively
low forces, with flexion, extension, and lateral moments
averaging 0.29 Nm, 0.27 Nm, and 0.25 Nm, respectively. This
suggests that at lower speeds, the gravitational force assists the
movement, reducing the strain on the neck. However, as the
velocity increased to 10 km/h, the moment values nearly
doubled, with flexion, extension, and lateral moments



reaching 0.57 Nm, 0.53 Nm, and 0.50 Nm, respectively. This
indicates that at moderate speeds, the mannequin experiences
greater dynamic forces, likely due to increased momentum and
the need for postural adjustments. At 15 km/h, the forces rose
further, with flexion, extension, and lateral moments recorded
at 0.96 Nm, 0.89 Nm, and 0.83 Nm, respectively. This
significant increase suggests that higher speeds introduce
greater instability and require higher muscular effort to
maintain posture and control movement. These findings
indicate that downhill motion results in progressively higher
neck loading as speed increases, highlighting the importance
of speed control in ergonomic and biomechanical assessments
to minimize excessive strain on the neck.

3.2 Discussions

The purpose of this study was to evaluate whether a smart
mannequin system could accurately measure neck forces and
moments under dynamic, real-world conditions. The findings
from both laboratory and field testing affirm that the system
reliably captures axial loads and motion-induced torques,
making it suitable for use in biomechanical and ergonomic
assessments.

Laboratory testing validated the system’s calibration, with
load cell readings aligning closely with a reference force gauge.
This supports the system’s accuracy for static and semi-static
conditions. However, deviations observed at higher loads (15-
40 N) suggest potential instability, likely due to strain on the
sensor or mounting variability. The application of a Kalman
filter mitigated this issue by improving data consistency,
demonstrating the value of integrating real-time signal
processing in force measurement systems.

The relationship between test conditions and neck loading
was clearly evident. Straight-track testing showed that
increasing vehicle speed reduced axial force, indicating
greater stability and less vertical displacement. In contrast,
inclined and uneven terrain introduced variable forces and
moments, confirming that dynamic motion and terrain
roughness directly influence cervical loading. Downhill
conditions, in particular, produced sharp force peaks,
consistent with gravitational acceleration effects described by
Newton’s Second Law.

Moment measurements showed clear distinctions across
terrain types. Higher flexion and extension moments were
observed during uphill motion, while downhill conditions
introduced greater lateral and rotational strain. These findings
align with rotational mechanics, where moment magnitude
depends on both force and its application distance. However,
moment sensitivity during rapid impacts (e.g., sinusoidal and
parallel tracks) was reduced, suggesting that sensor placement
or system damping may have dampened rotational motion,
limiting measurement fidelity.

Some inconsistencies were also noted in lateral moment
readings, particularly when filtered values deviated from raw
data. This may be due to non-uniform load distribution or
mechanical misalignment. The lack of measurable neck
moments in certain high-force conditions (e.g., parallel blocks)
may reflect mechanical energy absorption by the spring
system, rather than a true absence of moment. These
limitations highlight areas for improvement in mechanical
design and sensor configuration.

Compared to prior research, such as Lin et al. [36], which
focused on detailed cervical modeling using embedded sensors
in 3D-printed vertebrae, the proposed system offers portability
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and real-time responsiveness. While Lin et al.’s method is
suitable for surgical simulation and laboratory testing, it lacks
applicability in field conditions. This system, in contrast,
bridges that gap by offering a deployable, full-body
mannequin platform for in-vehicle testing.

In summary, the smart mannequin demonstrates strong
potential for evaluating neck loading across realistic terrain
and motion scenarios. While the results confirm its
effectiveness, certain limitations—such as reduced lateral
moment sensitivity and the need for external validation—must
be addressed to further improve system accuracy and
reliability. These insights provide a foundation for advancing
biomechanical testing technologies in transportation,
workplace safety, and rehabilitation research.

4. CONCLUSIONS

This study developed and evaluated a smart mannequin
system designed to measure neck forces and moments under
realistic vehicle operating conditions. The results from both
laboratory and field testing confirmed that the system
accurately captured axial forces and motion-induced moments,
validating its effectiveness as a tool for dynamic
biomechanical analysis.

The mannequin demonstrated the ability to respond to a
wide range of environmental conditions, including straight,
inclined, sinusoidal, and uneven terrains. Its integrated load
cell architecture, combined with a spring-based neck
mechanism and Kalman filtering, enabled real-time data
acquisition with minimal noise. The system successfully
identified biomechanical loading patterns that correlate with
speed, terrain irregularities, and gravitational effects.

This system provides a safe, repeatable, and ethical
alternative to human testing in vehicle ergonomics, with
potential applications in automotive design, workplace safety,
and rehabilitation technologies. It enables researchers and
engineers to assess neck loading in environments that were
previously difficult to replicate without risk to human subjects.

Further development is encouraged to enhance the system’s
lateral sensitivity and incorporate external validation for
moment measurements. Future research may also explore
long-term monitoring to detect fatigue patterns or extend this
approach to evaluate other anatomical regions under motion
stress.
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NOMENCLATURE

EP

R D UXTRAZTO I

Applied force

Mass acting on the system
Acceleration due to vehicle motion
Moment of force (torque)
Perpendicular distance from pivot point
Mean Error Percentage

Kalman gain

Process variance

Measurement variance

Estimated (filtered) state

Subscripts

i

Gauge
Loadcell

Index of measurement sample
Measurement from force gauge
Measurement from load cell





