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Abstract: Evaluating the behavior of materials and their response under low-velocity dynamic impact
(less than 30 m/s) is a challenging task in various industries. It requires customized test methods to
replicate real-world impact scenarios and capture important material responses accurately. This study
introduces a novel spring-actuated testing setup for low-velocity impact (LVI) scenarios, addressing
the limitations of existing methods. The setup provides tunable parameters, including adjustable
impactor mass (1 to 250 kg), velocity (0.1 to 32 m/s), and spring stiffness (100 N/m to 100 kN/m),
allowing for flexible simulation of dynamic impact conditions. Validation experiments on steel
plates with a support span of 800 mm and thickness of 5 mm demonstrated the system’s satisfactory
accuracy in measuring impact forces (up to 714.2 N), displacements (up to 40.5 mm), and velocities.
A calibration procedure is also explored to estimate energy loss using numerical modeling, further
enhancing the test setup’s precision and utility. The results underline the effectiveness of the proposed
experimental setup in capturing material responses during low-velocity impact events.

Keywords: dynamic impact testing; low-velocity impact; tunable testing parameters; experimental
setup; numerical modeling

1. Introduction

The analysis of mechanical behavior and the evaluation of durability and resilience
under dynamic impact loads is an essential process in various industries (e.g., aerospace,
glazing, security, and automotive) [1,2]. Dynamic impact scenarios are generally catego-
rized based on the velocity and mass of the impacting body [3]. Specifically, these are
low-velocity impacts, intermediate-velocity impacts, ballistic or high-velocity impacts,
and hyper-velocity impacts. These categories range from velocities below 10 m/s for
low-velocity impacts, 50 m/s to 1000 m/s for intermediate-velocity impacts, 1 km/s to
2 km/s for ballistic impacts, and 2 km/s to 5 km/s for hyper-velocity impacts [4]. This
classification is an important basis for understanding the energy transfer from the projectile
to the target, the energy dissipation, and the damage propagation mechanisms that define
these different impact scenarios.

Given its unique characteristics, low-velocity impact (LVI) requires a critical assess-
ment among these impact categories. LVI scenarios, such as accidental collisions with
birds during aircraft take-off and landing, hailstorms, or tools accidentally falling on struc-
tures [5,6], can be particularly hazardous due to the subtlety of the damage inflicted, which
may not be immediately apparent after impact [5]. The underlying hazard lies in the fact
that the structural defects caused by LVI can be difficult to detect [7]. This is exacerbated by
the prolonged duration of the impact, leading to a dynamic structural response in a larger
region [8].

Various test procedures have been developed to understand the responses to low-
velocity impacts [9]. Experimental methods used for this purpose lack standardized criteria
and usually employ custom designs with user-defined requirements [10,11]. Available
testing techniques for LVI include the Izod and Charpy technique [12–14], which is used
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to evaluate the impact strength of materials. In addition, the drop-weight technique [15]
is a method in which a mass is lifted to a certain height before it is released, causing an
impact on the specimen. In the pendulum impact method, a certain weight is suspended
from a rope or rod so that it reaches a certain velocity after being released from a certain
height [16]. In the shock tube technique, on the other hand, compressed air or a liquid is
suddenly released in a channel and a certain weight is thrown at the sample at a certain
velocity [17–19]. A summary of these techniques can be found in Table 1 [17–19]. A
discussion of these techniques is given in Table 1.

Table 1. Low-Velocity Impact Testing Techniques.

Technique Description Advantages Limitations

Izod and Charpy
Technique, [12,20]

Evaluates impact toughness of
materials using standardized
test configurations.

Provides standardized results
and comparability
across studies.

Limited to specific
configurations; may not
capture all material behaviors
under varied conditions.

Drop Weight, [21]

Involves elevating a mass to a
specific height before
releasing it to impact the
specimen.

Offers controlled and
repeatable impacts for
reliable data.

Limited adaptability to
various geometries; may not
represent real-world
conditions effectively.

Pendulum Impact, [16,22]
Uses a suspended weight
released from a height to
achieve impact velocity.

Simple setup and widely
accepted methodology in
impact testing.

Limited control over impact
parameters; may not
accurately simulate all
practical scenarios.

Shock Tube, [18,23]
Propels a weight towards the
sample using compressed air
or liquid released in a channel.

Versatile with the ability to
achieve high-impact velocities
and simulate dynamic events.

Complexity of setup requiring
specific infrastructure; may
involve significant calibration
challenges.

Hydraulic Actuator, [24]
Generates impact through
hydraulic force applied
directly to the sample.

Capable of delivering high
forces, suitable for
large-scale tests.

Requires hydraulic systems,
which can be costly and may
restrict test frequency.

Spring-Loaded Actuator
Releases a spring-loaded mass
to create an impact on the
specimen.

Parameters can be adjusted
for flexibility; simple design.

Limited to lower impact
energies; frequent
recalibration may be necessary
for accuracy.

Variations and modifications of the above impact test methods have been developed
to increase the adaptability and mitigate the limitations of these methods [8]. In 2002, a
multipurpose testing system capable of applying mechanical energy to specimens using a
two-carriage compression setup was introduced [25]. Its versatility allows for the testing
of different materials, but the complexity of the setup necessitates calibration for different
samples and materials. In contrast, Guanqun et. al. developed a horizontal impact
test rig equipped with load-bearing platforms and sliding supports [26]. While suitable
for horizontal impact testing, altering the impact parameters to capture various impact
scenarios is challenging. In addition, a test system utilizing a ball screw mechanism to
accelerate a carriage and allow precise control of acceleration has been proposed [27].
However, the maintenance of the ball screw mechanism may pose challenges over time.
Therefore, a simple setup for horizontal impact testing was introduced by Hidalgo et. al.
using a pulley block for tensioning [28].

In a more recent study, Jason et. al. presented an inventive system that allows for
adjustable acceleration, distance, and flexibility in impact tests [29]. However, it struggles
to accurately replicate real-world conditions, especially in high-momentum LVI scenarios.
One of the main challenges is to ensure the precision of the timing and magnitude of the
impacts, as the system relies on gravity and inertial forces, which could affect test accuracy
and repeatability. In addition, the complex assembly process and calibration requirements
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of the system may pose practical challenges for implementation and maintenance, especially
in resource-constrained environments.

As a result, there is still a significant gap in existing methods for low-velocity impact
testing. These include inadequate handling of impact load and support formation, inability
to capture important data such as load–time profiles, limited versatility in accommodating
different material and system experiments, and restrictive limitations on the interactions
between weight, velocity, and impact area.

To overcome these challenges, this study develops a novel experimental setup tailored
to evaluate the dynamic response of materials under low-velocity impacts. With its uni-
versal design, it provides enhanced adaptability through tunable parameters, including
impactor weight, velocity, surface geometry, stiffness, specimen size, shape, and orientation,
thus providing a versatile platform for testing various specimens in low-velocity impacts.

2. Design of Components and Fabrication
2.1. Experimental Setup

The investigation of material behavior under impact conditions and the evaluation
of components manufactured from specific materials necessitate the utilization of vari-
ous experimental techniques [30]. Dynamic impact testing setups, employing advanced
instrumentation for accurate data acquisition, are critical for simulating various scenar-
ios [31–33]. Conducted in controlled environments like ballistic ranges and drop towers,
these tests utilize calibrated projectiles and surrogate targets to replicate real-world con-
ditions [4,13]. Variables such as impact velocity, angle of incidence, and energy levels are
carefully controlled, while efforts to achieve reproducibility and accuracy are essential.
Analyzing stress–strain relationships, failure modes, and fracture patterns in the collected
data provides valuable insights into material behavior, contributing to the development of
enhanced materials and protective systems across diverse industries [34,35].

Despite advancements in dynamic impact testing, challenges remain in replicating
real-world impacts and controlling all relevant variables. This study introduces a novel
experimental device specifically designed to evaluate material response under low-velocity
impacts (Figure 1, Table 2) [36]. The setup offers a broad range of tunable parameters,
including impactor weight, velocity, surface geometry, and rigidity, enhancing flexibility
for diverse test specimens.

Table 2. Various parts in the impact test setup and their functions and components.

Part Components Function

Impact trolley

Load sensor connection flange; Hook holding
knob; Weight attachment holes; Impact rail
wheels; Control lever and cable carrying box;
Load sensor; Acceleration sensor.

Controlled impactor delivery.

Spring-loaded launching system Tension springs; Push trolley; Connecting beam;
Launching rail wheels.

Exert controlled kinetic energy onto
the specimen.

Hook and spring tensioning system
Release hook; Connecting beams; Tensioning rail
wheels; Jack connection beams; Electric motor;
Closing spring.

Adjustment and tensioning of the
spring mechanism.

Spring tensioning distance
adjustment and unhooking system

Bearing; Vertical circular bar; Clamping knobs;
Distance ruler; Unhooking rail wheels;
Fixing frame.

Fine-tuning of the spring tension
facilitates the safe release of the
spring-loaded mechanism.

Shock absorber system Shock absorber; Fasteners. Reduces vibrations and absorbs
excess energy.

Derailment barrier Fixing element; Energy absorbing element. Preventing equipment damage or
deviation from the designated path.
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Table 2. Cont.

Part Components Function

Specimen main mounting frame Long U-section profile; Short U-section profile. A stable and adjustable platform for
securing test specimens.

Specimen supporting system
Cylindrical support; Cylindrical clamping
element; Sliding beam; Load sensors;
Loading element.

A sample attachment for 3-point
bending experimentation is depicted.

Anti-kickback apparatus Weight block; Brackets. Prevents backward movement or
recoil during impact tests.

Linear motion frame
Distance sensor; Wheel rails; Fasteners; Distance
adjustment ruler; Connection point; Cable
carrying apparatus.

Facilitates controlled linear
movement during impact tests.
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2.1.1. Key Parameters

The innovative spring-driven universal impact testing setup, as depicted in Figure 1,
introduces a sophisticated experimental configuration with extensive adaptability. This
configuration offers enhanced control over the main impact parameters—specifically, im-
pact velocity (v) in meters per second (m/s) and impact energy (E) in joules (J). This control
is facilitated by Equation (1), which relates the elastic potential energy stored in the tension
springs to the kinetic energy, in which the fundamental variables are the spring constant (k)
in newtons per meter (N/m), extension distance (x) in meters (m), and mass of the impactor
(m) in kilograms (kg). Equation (1) serves as the bedrock for precise experimental control
over the impact conditions.

E =
1
2

kx2 =
1
2

mv2 (1)

2.1.2. Controllable Spring Material and Extension

To achieve a wide range of impact scenarios, the setup offers considerable flexibility in
adjusting the spring extension and facilitating changes of the spring material and spring
constant. This is accomplished through the implementation of two replaceable tension
springs with variable spring constants (e.g., ranging from 100 N/m to 100 kN/m) [37].
By selecting different springs, the system’s stiffness can be modulated, and the impact
response can be tailored accordingly. The extension distance of these tension springs is
precisely regulated using an AC motor, enabling controlled variations in the extension (e.g.,
up to 80 cm).

2.1.3. Variable Impactor Mass

The mass of the impactor can be effectively altered to accommodate diverse testing
requirements. The mass can be adjusted (1 to 250 kg) by adding or removing weights to
the impactor carriage through dedicated weight attachment holes. This capability enables
the simulation of a broad spectrum of impact conditions, encompassing scenarios from
low-energy impacts to high-energy collisions.

2.1.4. Impact Energy and Velocity

The comprehensive control over these critical parameters ensures the ability to achieve
desired impact velocities and energies. For instance, impact velocities can be varied (e.g.,
from 0.1 m/s to 32 m/s) to study the response of materials and structures under different
loading rates. Correspondingly, impact energies can be adjusted (e.g., from 0.005 J up to
130,000 J) to investigate the material’s deformation behavior and structural integrity under
varying impact energies.

2.1.5. Impactor Properties and Characteristics

Furthermore, the setup allows for the exploration of diverse impactor properties. By
connecting impactors with different materials, hardness, shapes, surface geometries, and
rigidities, the influence of these characteristics on the impact response can be investigated.
For example, connecting impactors made of steel, aluminum, and composite materials with
varying hardness and surface geometries (e.g., flat, conical, and hemispherical) enables a
comprehensive study of material behavior during impact. A comprehensive summary of
the various modifications that can be applied to the different parameters for specific testing
scenarios is presented in Table 3.
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Table 3. The parameters and properties of the various setup components.

Component Parameter Value Range

Velocity sensor
Sensitivity, (mV/m/s2) 100 10 to 100

Accuracy, (%) ±0.5 ±1 to ±5

Linear potentiometer–Displacement sensor
Measurement range, (mm) 10–100 -

Repeatability, (mm) ≤0.002 -

Load cell
Weight, (kg) 3.5 Variable

Measuring range, (N) 1000 0–2000

Impactor

Material Steel -

Weight, (kg) 35.0 1–250

Impact velocity, v (m/s) 0.40–0.65 0.1–32

The shape of the impactor tip Cylindrical -

Spring

Material Steel–ASTM A228 -

Diameter, D (mm) 60 0.5–50

Diameter of the wire, d (mm) 8 0.1–20

Length, LF (mm) 528 0.1–1000

Coils count, n 66 -

Extension range, x (mm) 0–800 0–800

Shear modulus, G (GPa) 84 79–90

Shear strength, τ (MPa) 550 420–650

Spring constant, k (N/m) 3016.8 100–100,000

Specimen

Material Steel S235JR -

Cross section shape Rectangular -

Impact Angle (◦) Perpendicular to the weak axis -

2.1.6. Versatile Sample Assemblies

Diverse sample assemblies are facilitated through the integration of the main sample
mounting frames with the dynamic impactor frame. The gap on this frame offers flexibility
in accommodating multiple sample mounting configurations. One illustrative instance of
this mounting versatility is the implementation of a three-point loading system, which is
employed in this study to subject sample steel plates to dynamic response testing under
low-velocity impact conditions, through varying impact energies and velocities.

2.1.7. Operation and Reliability

The spring-driven launching system (Figure 1) ensures precise impacts by using
tension springs, rail wheels, a pushing carriage, and connecting beams to launch the
impact carriage at a predetermined velocity and energy. A synchronized hook and spring
tensioning mechanism, with quick-release hooks and threaded jacks, provides controlled
energy release for specific impact scenarios.

Accuracy is further improved by an adjustable tensioning system, allowing precise
spring tension calibration. A shock-absorbing system halts the pushing carriage after impact
initiation, ensuring consistent impact delivery. Additionally, exit barriers prevent accidental
departure of the impact carriage, maintaining system reliability and experimental integrity.

2.2. Test Specimens

In this study, the dynamic response of steel plates was assessed under low-velocity
impact conditions using a three-point loading system, highlighting the versatility of the
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experimental device in precisely tuning impact scenarios. A total of ten steel plates, each
5 mm thick and 20 mm wide, were tested. The plates measured 850 mm in length, with
an 800 mm support span. The specimens conformed to EN 10025-2 S235JR (ST37) grade
steel, which has a minimum yield stress of 235 MPa and an elastic modulus of 165 GPa,
determined under quasi-static conditions. The chemical composition of this steel grade
is listed in Table 4 [25]. This characterization provides a robust basis for analyzing the
dynamic behavior of steel under varying impact conditions.

Table 4. Chemical composition of steel grade EN10025-S235JR (ST37) [38].

Element C (Carbon) Si (Silicon) Mn (Manganese) P (Phosphorus) S (Sulfur) Cu (Copper) N (Nitrogen)

Composition 0.17–0.20% ≤0.55% ≤1.40% ≤0.035% ≤0.035% 0.55% 0.012%

2.2.1. Quasi-Static Testing

The control specimen, sharing identical size and material properties, underwent quasi-
static testing using a three-point bending setup. The testing conditions mirrored those
employed for dynamic impact assessments, ensuring consistency. The three-point bending
test is illustrated in Figure 2. Subsequently, the force–displacement relationship is depicted
in Figure 3.
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2.2.2. Dynamic Testing

The dynamic impact testing setup, which included three-point bending specimens,
is shown in Figure 4a,b. The system was designed to store potential energy by extending
the springs, as depicted in Figure 4c. The same three-point bending frame, coupled
with the dynamic impact setup, was used to test eight steel specimens, as summarized
in Table 5. During testing, an AC motor applied tension to the springs supporting the
impactor carriage, and, by varying the springs’ extension distance, impacts were generated
at different energy levels across the specimens.
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Maximum impact force and displacement values were obtained from the time-dependent
graphs discussed in Section 3.1. Specifically, these values were derived by analyzing the
peak values on the force–time and displacement–time curves, ensuring an accurate repre-
sentation of the material’s response under impact conditions.



Appl. Syst. Innov. 2024, 7, 108 9 of 16

Table 5. The experimental characteristics for the dynamic impact specimens.

ID Spring Extension, x
(cm) Velocity, v (m/s) Impact Energy, E

(Joule)
Max. Displacement, d

(mm)
Max. Impact Force, F

(N)

1 2.00 0.40 3.16 22.9 343.2

2 2.25 0.44 3.90 26.3 407.1

3 2.50 0.48 4.57 29.2 464.2

4 2.75 0.52 5.40 31.2 521.5

5 3.00 0.55 5.99 33.3 569.9

6 3.25 0.58 6.74 35.3 625.4

7 3.50 0.62 7.67 37.5 665.7

8 3.75 0.65 8.52 40.5 714.2

To ensure accurate data collection, various sensors and instruments were integrated
into the testing setup. A load sensor was incorporated into the impact carriage to measure
the force–time history during impact events. Additionally, a velocity sensor and accelerom-
eter were attached to the setup to record the impactor’s velocity and acceleration at the
moment of impact. To record the response of the steel plates, displacement gauges were
positioned on the tested specimen and a data acquisition system was employed.

2.3. Numerical Design

In this section, we further investigate the proposed spring-actuated dynamic impact
setup using finite element modeling (FEM). This modeling serves to investigate any source
of discrepancies that could potentially impact the accuracy of recreating numerically the
results of a dynamic impact (e.g., the effects of system friction and air resistance). This
process could highlight the potential energy losses in the physical system when compared
to idealized numerical models.

Therefore, the eight dynamic impact scenarios (Table 5) were investigated using the
FEM Abaqus/Explicit software-V22. The proposed simulation model is shown in Figure 5.
The steel material was modeled as an elastic–plastic material with 5% damping and the
mechanical properties listed in Table 6. The material properties adapted considered the
high-strain rate of the impact.

The model specifically focuses on the interaction between the impactor and the steel
specimen, excluding detailed representations of the railing and motion system. However,
the numerical results were calibrated by incorporating an estimated friction coefficient of
0.37, derived from the experimental data of five specific specimens (IDs 2, 3, 5, 6, and 7)
as listed in Table 5. Moreover, spring dynamics, including extension and potential energy,
were not modeled since their influence ceases prior to impact. Instead, the impact energy
was calculated from the impactor’s mass and velocity just before contact. This approach
accurately captures the energy transfer during impact while simplifying the simulation.

Table 6. The material definition implemented in numerical modeling [39].

Parameter Value Unit

Mass Density 7800 Kg/m3

Young’s Modulus 210,000 MPa

Poisson’s Ratio 0.3 -

Hydrostatic failure stress, dynamic 410 MPa

Stress at zero plastic strain, dynamic 302 MPa

Stress at 5% plastic strain, dynamic 320 MPa

Stress at 15% plastic strain, dynamic 351 MPa
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point testing apparatus attached to the setup; (b) implemented finite element model; and (c) applied
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The developed models were discretized using 4 × 4 mm S4R mesh elements with
reduced integration (four-node doubly curved thin shell elements) [40]. This choice was
made based on a mesh sensitivity analysis with mesh sizes from 2 × 2 mm to 6 × 6 mm
to provide convergence with minimal computational cost. The thickness of the specimens
was approximated using Simpson’s integration rule with seven integration points. The
supports were modeled with discrete rigid shells, and the rotation of the specimens was
allowed at the supports. Since the impactor sustained no damage during the experimental
testing, it was modeled as a discrete rigid shell having the mass and initial velocity as per
the testing conditions.

3. Results and Discussions
3.1. Experimental Results

This section discusses the effect of varying key parameters on the specimen’s response
using the spring-driven dynamic impact testing setup. The tensile spring extensions were
incrementally adjusted for the eight steel specimens, as summarized in Table 5. As seen in
Figure 6, increasing the spring tension increased impact velocity, force, and energy, along
with the measured response of the impacted specimen.

The dynamic impact force recorded at the mid-span of the steel specimens across
various impact velocities is shown in Figure 7. The results indicate that higher impact
velocities increase the impact force while reducing the duration of loading and strain rate.
Displacement–time histories for the specimens, depicted in Figure 8, confirm that most
specimens remained in the elastic zone, except for the specimen tested at 0.65 m/s. The
transition from elastic to plastic behavior in this specimen is evident from the straight line
in Figure 9, attributed to plastic strain and residual deformation.

The load–displacement behavior of the steel plate from both quasi-static and dynamic
tests is presented in Figure 8. As the impact velocity increases, the difference between
the dynamic impact load and the equivalent static load widens, highlighting the impact
velocity’s influence on the material’s response. The developed testing device effectively
captured the specimen’s response under varying impact velocities.



Appl. Syst. Innov. 2024, 7, 108 11 of 16

Appl. Syst. Innov. 2024, 7, x FOR PEER REVIEW 10 of 16 
 

 

Table 6. The material definition implemented in numerical modeling [39]. 

Parameter Value Unit 

Mass Density 7800 Kg/m3 

Young’s Modulus 210,000 MPa 

Poisson’s Ratio 0.3 - 

Hydrostatic failure stress, dynamic 410 MPa 

Stress at zero plastic strain, dynamic 302 MPa 

Stress at 5% plastic strain, dynamic 320 MPa 

Stress at 15% plastic strain, dynamic 351 MPa 

The developed models were discretized using 4 × 4 mm S4R mesh elements with re-

duced integration (four-node doubly curved thin shell elements) [40]. This choice was 

made based on a mesh sensitivity analysis with mesh sizes from 2 × 2 mm to 6 × 6 mm to 

provide convergence with minimal computational cost. The thickness of the specimens 

was approximated using Simpson’s integration rule with seven integration points. The 

supports were modeled with discrete rigid shells, and the rotation of the specimens was 

allowed at the supports. Since the impactor sustained no damage during the experimental 

testing, it was modeled as a discrete rigid shell having the mass and initial velocity as per 

the testing conditions. 

3. Results and Discussions 

3.1. Experimental Results 

This section discusses the effect of varying key parameters on the specimen’s re-

sponse using the spring-driven dynamic impact testing setup. The tensile spring exten-

sions were incrementally adjusted for the eight steel specimens, as summarized in Table 

5. As seen in Figure 6, increasing the spring tension increased impact velocity, force, and 

energy, along with the measured response of the impacted specimen. 

 

Figure 6. Tuning the tensile springs in the setup to generate (a) the impact velocity and energy for a 

given (b) load and displacement on the specimen. 

The dynamic impact force recorded at the mid-span of the steel specimens across 

various impact velocities is shown in Figure 7. The results indicate that higher impact ve-

locities increase the impact force while reducing the duration of loading and strain rate. 

Displacement–time histories for the specimens, depicted in Figure 8, confirm that most 

specimens remained in the elastic zone, except for the specimen tested at 0.65 m/s. The 

transition from elastic to plastic behavior in this specimen is evident from the straight line 

in Figure 9, attributed to plastic strain and residual deformation. 

Figure 6. Tuning the tensile springs in the setup to generate (a) the impact velocity and energy for a
given (b) load and displacement on the specimen.

Appl. Syst. Innov. 2024, 7, x FOR PEER REVIEW 11 of 16 
 

 

 

Figure 7. Impact force–time history for the dynamic impact testing. 

The load–displacement behavior of the steel plate from both quasi-static and dy-

namic tests is presented in Figure 8. As the impact velocity increases, the difference be-

tween the dynamic impact load and the equivalent static load widens, highlighting the 

impact velocity’s influence on the material’s response. The developed testing device effec-

tively captured the specimen’s response under varying impact velocities. 

To ensure accuracy, an uncertainty analysis was conducted. Sources of uncertainty 

included material property variations, velocity and force measurement errors, and spring 

calibration. The combined standard uncertainty was calculated using the root-sum-square 

method, resulting in ±5% uncertainty for displacement measurements and ±7% for force 

measurements. 

 

Figure 8. Displacement–time history for the dynamic impact testing. 

Figure 7. Impact force–time history for the dynamic impact testing.

Appl. Syst. Innov. 2024, 7, x FOR PEER REVIEW 11 of 16 
 

 

 

Figure 7. Impact force–time history for the dynamic impact testing. 

The load–displacement behavior of the steel plate from both quasi-static and dy-

namic tests is presented in Figure 8. As the impact velocity increases, the difference be-

tween the dynamic impact load and the equivalent static load widens, highlighting the 

impact velocity’s influence on the material’s response. The developed testing device effec-

tively captured the specimen’s response under varying impact velocities. 

To ensure accuracy, an uncertainty analysis was conducted. Sources of uncertainty 

included material property variations, velocity and force measurement errors, and spring 

calibration. The combined standard uncertainty was calculated using the root-sum-square 

method, resulting in ±5% uncertainty for displacement measurements and ±7% for force 

measurements. 

 

Figure 8. Displacement–time history for the dynamic impact testing. Figure 8. Displacement–time history for the dynamic impact testing.



Appl. Syst. Innov. 2024, 7, 108 12 of 16Appl. Syst. Innov. 2024, 7, x FOR PEER REVIEW 12 of 16 
 

 

 

Figure 9. Force–mid-span displacement response of the dynamic impact and quasi-static testing. 

3.2. Numerical Results 

The results of the numerical modeling compared to the experimental results are 

shown in Figure 10. The comparison in Figure 9 illustrates the accuracy of the Finite Ele-

ment Model (FEM) against the experimental (EXP) data for different impact velocities (v 

= 0.40 m/s, 0.52 m/s, and 0.65 m/s). The FEM results matched closely the experimental data, 

demonstrating the model’s ability to predict the dynamic response accurately. The mod-

eling of the dynamic impact of the steel specimens managed to capture the impact and the 

resulting displacement with satisfactory accuracy. It is important to note that no fitting 

parameter was used in this comparison. Instead, the FEM was calibrated using initial ex-

perimental results to estimate the friction coefficient of the system. Once calibrated, the 

FEM was applied to predict the impact responses shown in Figure 9 without further ad-

justments, ensuring an unbiased comparison. It should be noted also that the numerical 

modeling served the rule of calibrating the setup by estimating the friction of the railing 

and motion system. This was achieved by devoting the results of the five specimens with 

IDs 2,3,5,6, and 7 as per Table 5, for the calibration of the results. Based on this calibration 

procedure, the friction coefficient of the built setup was estimated to be 0.37. 

The numerical modeling results, compared with the experimental data, are presented 

in Figure 10. The Finite Element Model (FEM) accurately predicted the dynamic response 

for different impact velocities (0.40 m/s, 0.52 m/s, and 0.65 m/s). The FEM was calibrated 

using experimental data from specimens 2, 3, 5, 6, and 7 (Table 5) to estimate the friction 

coefficient, which was determined to be 0.37. The calibrated FEM provided reliable pre-

dictions without any additional fitting parameters. Once calibrated, the FEM was applied 

to predict the impact responses shown in Figure 9. 

Sensitivity analysis of the FEM revealed deviations of up to ±8%, primarily due to 

variations in material properties, boundary conditions, and the estimated friction coeffi-

cient. Friction accounted for most of the discrepancies between the experimental and nu-

merical results, while the effect of air resistance was negligible at the tested low velocities. 

However, a sensitivity analysis of energy loss from air resistance would be necessary for 

higher velocity operations. Additionally, noise in the load data during experiments con-

tributed to some misalignment between the physical and numerical models. 

Figure 9. Force–mid-span displacement response of the dynamic impact and quasi-static testing.

To ensure accuracy, an uncertainty analysis was conducted. Sources of uncertainty
included material property variations, velocity and force measurement errors, and spring
calibration. The combined standard uncertainty was calculated using the root-sum-square
method, resulting in ±5% uncertainty for displacement measurements and ±7% for
force measurements.

3.2. Numerical Results

The results of the numerical modeling compared to the experimental results are
shown in Figure 10. The comparison in Figure 9 illustrates the accuracy of the Finite
Element Model (FEM) against the experimental (EXP) data for different impact velocities
(v = 0.40 m/s, 0.52 m/s, and 0.65 m/s). The FEM results matched closely the experimental
data, demonstrating the model’s ability to predict the dynamic response accurately. The
modeling of the dynamic impact of the steel specimens managed to capture the impact
and the resulting displacement with satisfactory accuracy. It is important to note that no
fitting parameter was used in this comparison. Instead, the FEM was calibrated using
initial experimental results to estimate the friction coefficient of the system. Once calibrated,
the FEM was applied to predict the impact responses shown in Figure 9 without further
adjustments, ensuring an unbiased comparison. It should be noted also that the numerical
modeling served the rule of calibrating the setup by estimating the friction of the railing
and motion system. This was achieved by devoting the results of the five specimens with
IDs 2,3,5,6, and 7 as per Table 5, for the calibration of the results. Based on this calibration
procedure, the friction coefficient of the built setup was estimated to be 0.37.

The numerical modeling results, compared with the experimental data, are presented
in Figure 10. The Finite Element Model (FEM) accurately predicted the dynamic response
for different impact velocities (0.40 m/s, 0.52 m/s, and 0.65 m/s). The FEM was calibrated
using experimental data from specimens 2, 3, 5, 6, and 7 (Table 5) to estimate the friction
coefficient, which was determined to be 0.37. The calibrated FEM provided reliable predic-
tions without any additional fitting parameters. Once calibrated, the FEM was applied to
predict the impact responses shown in Figure 9.

Sensitivity analysis of the FEM revealed deviations of up to ±8%, primarily due to
variations in material properties, boundary conditions, and the estimated friction coefficient.
Friction accounted for most of the discrepancies between the experimental and numerical
results, while the effect of air resistance was negligible at the tested low velocities. However,
a sensitivity analysis of energy loss from air resistance would be necessary for higher
velocity operations. Additionally, noise in the load data during experiments contributed to
some misalignment between the physical and numerical models.
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3.3. Comparison with Existing Techniques

Unlike the Izod and Charpy techniques, which primarily measure energy without
load and displacement data, this setup provides a more comprehensive assessment of
material behavior. The drop-weight technique is limited by gravity’s effect, as the weight
continues impacting the specimen until all the energy is absorbed, making it unsuitable
for free-collision scenarios. In contrast, our spring-actuated system allows for controlled
and repeatable impacts, independent of gravity, providing accurate measurements of load
and displacement.

A key advantage of the proposed setup is its versatility, allowing the testing of various
materials and specimen configurations. The specimen mounting frame (Figure 1) accommo-
dates different support systems, such as the three-point bending system used in this study
(Figure 4), as well as steel and reinforced concrete frames. This flexibility is not available in
the Izod, Charpy, or drop-weight techniques, which offer limited configurations for support
systems. Additionally, the device can test materials like ceramics, composites, and metals,
expanding its applicability across multiple fields. A brief comparison of capabilities and
limitations is provided in Table 7.

Table 7. Comparison of the proposed spring-actuated setup with existing low-velocity impact testing
techniques.

Specification Proposed
Spring-Actuated Setup Izod Technique, [20] Charpy Technique, [20] Drop-Weight Technique, [21]

Measurement
Parameters

Impact velocity, force,
displacement Energy only Energy only Impact load, force

Impact Energy, J 0.005–130,000 Limited (<100) Limited (<100) Moderate

Load and
Displacement Data Yes No No Yes

Free-Collision
Scenario Yes No No No

Material Flexibility Steel, ceramics,
composites, metals

Limited to specific
materials

Limited to specific
materials Limited to certain materials

Support System
Flexibility

Supports various systems
(3-point, etc.) Fixed setup (not versatile) Fixed setup (not versatile) Fixed (limited flexibility)

Key Limitations Requires accurate friction
calibration

Does not provide
load/displacement data

Does not provide
load/displacement data

Repeated impact due to
gravity, not free-collision
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3.4. Assumptions and Limitations

Several assumptions were made in the numerical model that may limit its applicability
to different configurations and materials. First, the boundary conditions posed challenges
in the finite element model (FEM), particularly due to the cylindrical steel pipes used as
supports in both static and dynamic tests. These supports restricted free rotation and
induced tensile forces along the specimen’s longitudinal axis, which could not be fully
replicated in the FEM. Additionally, the painted surfaces and pipe compression further
contributed to deviations between the experimental and numerical results.

Second, the FEM excluded spring dynamics, which may lead to minor discrepancies
concerning energy dissipation. While this simplification was made to focus on impact
energy, excluding spring potential energy may result in slight differences between the
physical setup and the numerical model.

Lastly, noise in the impact force data collected during experiments introduced fluc-
tuations that further contributed to misalignment between the physical setup and the
FEM results.

4. Conclusions

This study presents a novel experimental setup tailored specifically for low-velocity
impact testing. The setup’s enhanced adaptability is achieved through its tunable parame-
ters, which include impactor weight, velocity, surface geometry, rigidity, spring constants,
and extension, as well as variations in specimen shape, size, orientation, and assembly. The
setup’s effectiveness was validated through testing on steel plates for both the elastic and
plastic responses, demonstrating its ability to accurately measure critical impact parameters,
including velocity, energy, and force.

The proposed testing setup demonstrated accurate control and measurement of the
impact velocity and energy over a wide range, from 0.1 m per second to 32 m per second
and from 0.005 joules to 130,000 joules, respectively. Additionally, the setup successfully
captured the dynamic response of steel plates under varying impact conditions, including
elastic and plastic deformation.

Moreover, the experimental results exhibited a high degree of accuracy, with an
estimated uncertainty of ±5% for displacement measurements and ±7% for force measure-
ments. Furthermore, finite element modeling accurately predicted the dynamic response of
the steel plates, further validating the experimental setup’s reliability.

Overall, this research demonstrates the significant potential of the proposed experi-
mental setup to advance the understanding of material behavior and structural dynamics
under low-velocity impact conditions.

5. Future Work

To further enhance the setup and its capabilities, future research could focus on inte-
grating a high-speed camera, laser displacement sensor, and load sensors to increase its
autonomy and data acquisition capabilities. Additionally, developing software to automati-
cally select impact heads based on desired impact load and duration can further streamline
the testing process. Expanding the scope of testing to include other materials, such as
ceramics and composites, can also provide valuable insights into their dynamic behavior.
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