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Abstract: Anthropomorphic test dummies are commonly used to evaluate the potential harm to
humans due to dangerous scenarios (e.g. car accidents). Furthermore, they have been used in
sports to study the potential harm to the head (e.g. concussions) due to impacts. In this article,
we describe the development of a low-cost dummy head experimental setup. The motivation
behind this project is to quantify the potential harm to a child’s head due to impacts with a small
robotic toy. Three severity indices can be estimated, namely, Head Acceleration Criterion (HIC),
3 ms criterion, and peak head acceleration. 3D-printed parts were used to develop the head. A
tri-axial accelerometer embedded inside the head was used to measure the changes in
accelerations. The developed head was placed inside a dedicated experimental bench. A data
acquisition card was used to acquire the raw data while a computer system was used to store and
then provide the analysis. The developed experimental setup was validated by producing
comparable results to that of relevant previous studies.
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1. Hardware in context

Anthropomorphic test dummies (ATDs) are used to evaluate the potential harm to humans through
the simulation of risky scenarios, for example, using ATD in car crash tests. Such dummies are
equipped with sensors to measure different dynamics that occur due to impacts, such as accel-
erations and forces. Severity indices are used to assess the potential for an injury based on the
measured dynamics. For example, the acceleration of the head due to impact is used to compute
the Head Injury Criterion (HIC) numerical value, which in turn is used to predict the potential for
harm based on the Abbreviated Injury Scale (AIS) [1].

The application of test dummies has been also considered in other areas, such as in sports. For
the assessment of protective gears in sports, ATDs based setups were used [2][3]. The evaluation
was based on simulating impacts that might occur in actual scenarios. In a study evaluating
concussion due to taekwondo kicks, a dummy head was used to measure the dynamics of the head
due to impacts [4]. In that study, a 50th percentile ATD head (i.e. Hybrid II) with a mass of
5.1 kg attached to a neck was used. The internal structure of the head was made of aluminum
covered with an artificial skin layer while the neck was made of rubber. The head setup was
fitted with a taekwondo head guard that was then mounted on an aluminum support frame. A
tri-axial accelerometer was embedded at the center of the head to obtain the linear acceleration of
the head. The readings of the accelerometer was acquired through a three-channel sensor signal
conditioner connected to a computer. A motion analysis system consisting of eight cameras was
used to monitor the head’s movement and to measure the peak velocity of the kicks through tracking
reflective markers placed on the test head and the foot pads. The participants were requested to
perform different kicks on the dummy head while wearing the foot pads.

Furthermore, such setups were also considered to assess harm in robotics by considering different
scenarios where a robot is impacting a person at different body parts [5][6]. Alternative approaches,
such as low-cost sensors and body parts models, were also considered to conduct impact experiments
[7][8].One study considered a low-cost developed head model to conduct impact experiments to
characterize a safety index in robotics [9]. In that study, the impacts were performed by robotic
arm (i.e. Scara Robot-Adept Cobra 600) at different impact speed conditions (i.e. 0.4 - 1.9 m/s).
The developed head model was based on a leather ball filled with sand to reach a weight of 3 kg.
A low-cost tri-axial accelerometer was placed at the head to measure the linear acceleration of the
head. Furthermore, that study has considered a low-cost sensor to measure the impact force placed
at the point of impact.

In this work, we present a low-cost method for the construction of a dummy head experimental
setup to conduct impact experiments at low velocities. The impact rig is focused on investigating
impacts due to thrown objects. The developed rig does not require expensive hardware (e.g.
expensive camera system) and can be constructed using typical available facilities (e.g. 3D printer).
Some suggested equipment can be substituted by cheaper alternatives.

2. Severity indices

2.1 Head Injury Criterion

One of the most commonly used severity index to measure the possible injury to the head in many
applications, such as automotive and sports [10], and it is defined as:

HIC = (ts — t1) [; /t * ) dt] . (1)

(t2 - tl) 1
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Table 1: Classification of tissue injury based on depth [20]

Classification Affected Skin Layer Depth
Superficial Only the epidermis <1 mm
Partial-thickness The epidermis and into the dermis 1-4 mm

Full-thickness Through the epidermis and the dermis into subcutaneous tissue >4 mm

Subcutaneous Extends into and beyond the subcutaneous tissue >4 mm

where a(t) is based on the resultant acceleration of the head and measured in terms of gravity
acceleration (g = 9.81%7) and At = t5 —t; is the duration of the impact considered in calculating
the resultant HIC. 36 ms and 15 ms are the two most commonly used durations to evaluate the
severity of injury to the head with the 15 ms being more restrictive. The developed rig considers
the 36 ms in the HIC evaluation.

2.2 3 ms Criterion

This criterion demands that the maximum average over 3 ms duration of the resultant head accel-
eration to be less than a certain threshold when there is no hard contact. The European National
Car Assessment Protocol (EnuroNCAP) states that the thresholds for 3 ms criterion for a child
occupant should not exceed 87 g in case of frontal impact and 72 g in case of side impact [11].

2.3 Peak Linear Acceleration

The peak linear acceleration of the head has been used as one of the biomechanical measures to
investigate concussion due to impacts [12],[13]. The reported range of the linear accelerations due
to impacts in youth football is 10 to 111 g [I4]. Within that range, concussion events could occur
based on the reported incidents [I5]. One study used a validated FEM head model to estimate the
probability of a mild TBI [16]. That study has shown that there is a 25% chance of a concussion
occurrence corresponding to a head’s acceleration of 66 g. Finally, concussion could occur at an
acceleration as low as 31.8 g as reported by another study [17].

2.4 Tissue Injuries

The impact rig uses an artificial skin that can be used as an indicator for tissue injuries. Damage
to the skin due to impacts with objects take on various forms. For example, impacts could cause
abrasions, skin tears, and lacerations. The shape of the impactor and the pressure force involved
influence the depth of the injury and its magnitude [I9]. The depth of an injury is often to
classify wounds and tissue injuries [20]. Based on the depth, tissue injuries can be classified to
either superficial wounds, partial-thickness, full-thickness or subcutaneous skin loss (Table. [1)). We
suggest using this classification as an indicator to investigate the potential for tissue injuries due
to impacts in this rig.
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3. Hardware description

The experimental setup is a device to examine the acceleration changes of the head due to impacts.
It reports the head acceleration in the X, Y, and Z directions. The setup is suitable for the
examination of low velocity impacts. The setup would be beneficial for researchers who have
limited access to more expensive test dummies. The analysis of the acceleration data can report
three severity indices. Modifications are possible to perform different forms of impact tests.

The setup offers the following;:

e Reporting of the head accelerations (i.e. in X, Y, and Z axes) and the resultant acceleration

e Post processing of the raw data provides the analysis for three severity indices

Adjustable to do different tests at different impact velocities
e The dummy head mass can be modified to meet different age groups

e The rig is adjustable to perform different tests (e.g. different impact areas)

The artificial skin of the dummy head can be used as an indicator for tissue injuries

4. Design files

This section contains a summary to the design files that have been used to build the impact rig.
All files can be found in their respective links in the online repository.
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4.1 Design Files Summary

Design file name

File type

Description

Open
license

source

Location
the file

of

human-head-part1

STL file

The  modified
front half of the
original  head

design (Fig. [1b)

CC BY 4.0

Link 1

human-head-part2

STL file

The  modified
back half of the
original  head

design (Fig. [1k)

CC BY 4.0

Link 2

Exp_bench

PDF

A reference
drawing of the
experimental

bench that was
used  showing
the dimensions

CC BY 4.0

Link 3

labview_script

National instru-
ments VI file

A script that
reads the ac-
celerometer

that is con-
nected to the
data acquisition
card and stores
the readings.

CC BY 4.0

Link 4

Matlab_script_multi

MATLAB code

A code to
calculate the
three severity
indices, namely,
the HIC, 3
ms, and peak
acceleration

CC BY 4.0

Link 5

5. Bill of materials

This section contains the complete bill of materials that were used to construct the impact rig.



https://data.mendeley.com/datasets/wsxphrmydn/draft/files/42471d03-80b7-412e-9be4-d54fc0c12fc5
https://data.mendeley.com/datasets/wsxphrmydn/draft/files/b614343a-c2a3-4da4-8e51-0cfa2a7c5708
https://data.mendeley.com/datasets/wsxphrmydn/draft/files/545b3f35-d0b8-4aea-8928-c3b747052e39
https://data.mendeley.com/datasets/wsxphrmydn/draft/files/96b140c4-3cbf-4da6-a3cb-dae264c7096e
https://data.mendeley.com/datasets/wsxphrmydn/draft/files/3098a14c-0493-4b4a-b0f1-fecaf90f74cf

Cost per
. unit Total .
Designator| Component Number Source of | Material
currency | cost(US$) .
(USS$) materials | type
ACC ADXL 377 1 $ 25.95 $ 25.95 SparkFun Electronics
Electronics
DAQ PCI- 1 $ 2,895.00 $ 2,895.00 | National Electronics
6031H1 Instrument
Camera FDR- 1 $ 500.00 $ 500.00 Sony Electronics
X1000V
2
Tripod Amazon 1 $ 15.00 $ 15.00 Amazon Aluminum
Basics
50-Inch
Lightweight
Tripod
Wires Ribbon Ca- 2 $ 2.95 $ 5.90 SparkFun Cables
ble -6 wires Electronics
15ft
3D printing | PLA Mate- 2 $ 48 $ 96 MakerBot Polylactic
material rial Large Industries acid
Spool?|
Soft mate- | Ecoflex 00- 1 $ 32.21 $ 64.42 Smooth- Silicone
rial 30 (2 Ibs) On rubber
Mass Modeling 2 ~$ 10 ~$ 20 Amazon Polymer
clay or  Local | clay
stores
Frame Custom- 1 ~$ 150 ~$ 150 Local me- | Stainless
made chanical steel
experimen- workshop
tal  setup
bench
Rope Coated 1 $5 $5 Local Nylon
ropes stores
Velcro Velcro 2 ~$ 7 ~$ 14 Amazon or | Nylon,
Elastic local stores | Polyester
Straps (36"
x 1”)
PVC Plastic 2 $2 $4 Local Plastic
Saddle stores
Elbow (17)

! Alternative DAQ can be considered as long as it provides a high sampling rate (e.g. 20 kHz).
2 Alternative video camera can be used that can record in slow-motion at high frame rates (i.e. equal or greater

than 200 fps).

3Filament purchased should be compatible with the 3D printer available.




Figure 1: The 3D head design that was used to develop the dummy head. a) Complete view of the
original design (Source: Link)). b) Part 1 view (i.e. front). c¢) Part 2 view (i.e. back).

6. Build instructions

6.1 Experimental setup

The two files of the head design (i.e. human-head-partl and human-head-part2) were developed
by a 3D printer (Replicator 5th Generation, MakerBot Industries). The settings of the 3D printer
were left at default. The infill option was set at 10%. If more robustness or higher mass is
required, then this option should be set at higher percentages. However, this will increase the time
required to print the parts considerably. Soft materials can be added to make the skin more lifelike
[21][22][23] [24][25]. Hence, a 2 mm layer of a soft material made of silicone was added to the head
[26]. The soft material (Ecoflex, Smooth-On, USA) was prepared by mixing equal volume (i.e.
1A:1B) of the two material parts for around 4 mins. The soft material was then applied to both
parts of the head then left to cure for 4 hours at room temperature (Fig. . Other soft materials
can also be considered (e.g. PDMS [27]). Furthermore, embedding other sensors (e.g. pressure or
force [28][29][30]) inside the soft material is also a viable option. This will allow the detection of
other modalities.

As part of our research toward safer social robots for children with autism [31][32][33], this
experimental setup was developed to investigate safety in social robots by considering a scenario
where a small robot is thrown to the child’s head [34][35][36][37][38][39]. Hence, a head mass of 3
kg was selected to make the developed dummy head comparable to that of children’s dummy heads
[40]. Both head parts were augmented with clay to reach this mass (Fig. |3). The masses of the
parts were measured using a weight scale (Fig. . If the goal is to study an adult’s head, then a
higher dummy head mass should be considered (e.g. 4.5 kg).

A tri-axial accelerometer (ADXL 377, SparkFun Electronics, USA) was embedded inside the
clay at the center of the front part of the dummy head (Fig. [5). This accelerometer will be used
to measure the linear acceleration of the dummy head. The ribbon cable of the accelerometer was
routed out of the head through the opening at the bottom (Fig. @ Pressure was applied to merge
the two parts of the head together. The plastic elbows were attached to the head with the Velcro
straps (Fig. @ The straps should provide more pressure to keep the head intact. Next, the dummy
head was placed inside the experimental frame with the nylon coated ropes (Fig. @ The ropes
should be arranged so that the head is at the center of the experimental setup.


https://www.thingiverse.com/thing:172348

Figure 2: The 3D printed head parts after applying the soft material.

Figure 3: The 3D printed head parts after adding the clay to reach the desirable mass.



Figure 4: The measured mass of the dummy head parts.

Front part of
the dummy
head

Accelerometer

Ribbon cable

Figure 5: The accelerometer placed inside the dummy head.



Figure 6: The dummy head after assembling it with the Velcro straps.
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Figure 7: Complete overview of the experimental setup. With kind permission from Springer
Science + Business Media, adapted from [34].
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Ground (DAQ)
Analog output pin 0 (DAQ)
Analoginput pin 18 (DAQ)
Analoginput pin 24 (DAQ)
Analoginput pin 11 (DAQ)

Figure 8: The mapping of the accelerometer pins to the data acquisition card (DAQ). The analog
output pin 0 of the DAQ was used to provide 3.3 V to power up the accelerometer. Alternatively,
an external power supply can be used.

6.2 Sensor calibration

The accelerometer was interfaced to a computer through a data acquisition card (DAQ). The ribbon
cable of the accelerometer was connected to the appropriate pins of the DAQ (Fig. . These pins
were matched with the configuration of the LabView script (Fig. @)) Different configurations and
pins can be considered depending on the DAQ model being used. A microcontroller-based DAQ
that is capable of acquiring the data at a high rate can also be considered [27]. The LabView script
read the voltages of the DAQ pins that were connected to the X, Y, and Z pins of the accelerometer
at a sampling rate of 20 kHz and then filtered according to Channel Frequency Class 60 [41]. The
readings were then converted to acceleration values (g) for each axis based on the following relation:

A - “/;urrent - Vzero’ (2)
s Sensitivityqaqis

where Viyprent is the current reading of the voltage of an axis (e.g. X, Y, and Z), V,ero is the
voltage value of that axis at 0 g, and the sensitivity of an axis is the amount of voltage change that
corresponds to gravitational change of one unit (g). The typical sensitivity of the accelerometer is
around 6.5 mV/g based on the datasheet. More accurate sensitivity can be obtained experimentally
by finding the voltage difference at 1 g and 0 g for each axis. The 0 g voltage was found by setting
the axis studied parallel to ground surface while 1 g voltage by setting the axis perpendicular to the
ground surface, for example, making the top surface of the accelerometer facing upward will give
1 g at the z axis while rotating it 90° will give 0 g. The sensitivity for each axis can be obtained
accordingly. The sensitivity and V.., values for each axis should be updated in the LabView script
(i-e. labview_script.ni) by updating the formula vi (Fig. [10)).

The magnitude of the resultant acceleration is based on the square root of the sum of the squares
of the individual accelerations. The relation is represented as follows:

Al = /A2 4 A2 + A2 (3)

where A, is the magnitude of acceleration in the X direction, A, is the magnitude of acceleration
in the Y direction, and A, is the magnitude of acceleration in the Z direction.
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Figure 9: The analog input pins configuration of the data acquisition card (DAQ) within the
LabView script. Reading the analog input pin 25 is optional and it was used for testing purposes.
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14




Auto Tracker

e R

Point Mass =it

(Object being tracked) Tracking results

(Speed m/s)

Calibration Stick
(Reference with a known dimension)

Figure 11: A video of an impact test being analyzed for the velocity of impact in the video analysis
software.

7. Operation instructions

7.1 Preparation of the test rig

There are some steps that need to done before conducting any impact experiment. The steps are
as follows:

e Check the connections of the DAQ and the accelerometer and their functionality. This can be
achieved by running the LabView script and performing a test experiment (e.g. light nudge
to the head) and checking the response.

e Ensure that there is a fixed reference (e.g. ruler) with a known dimension that is placed along
the direction of impacts and perpendicular to the head (Fig. . An ideal location would
be under the head. This reference will be used to scale the dimensions in the video analysis
software to determine the impact velocity.

e Set up the camera on the tripod in such way so that it faces the experimental setup from the
side. The center view of the camera should be as centered and close to the head (Fig. [L1)).
The reference rod and the impactor should be visible.

7.2 Conducting an experiment

Two experimenters are recommended to conduct an experiment. One is in charge of performing
the impact tests while the other is in charge of recording the videos. The operations involved are
as follows:

1. Load the LabView script (i.e. labview_script.ni) and configure the Write to Measurement File
to specify the folder and the appropriate file name (Fig. .
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Figure 12: Specifying a folder and file name in the LabView script to store the acquired data.

2. Run the script and click Enable to write to start acquiring the acceleration data. Concurrently,
start the video recording.

3. While conducting an experiment, the experimenter, who is releasing the impactor, should be
aligned to the center of the setup and targeting the front side of the dummy head.

4. After conducting an experiment, the Enable to write should be clicked again to stop writing
to the file. The script and the video recording should be stopped.

5. Repeat the same steps for multiple experiments.

The LabView script saves the data in Technical Data Management Streaming (TDMS) file
format. Hence, an Add-In package need to be installed to be able to read the file in Microsoft Excel
[42].
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7.3 Video analysis

The video recordings of experiments were analyzed to obtain the impact velocities. An open-source
video analysis software (Version 5.0.7, Douglas Brown, Open Source Physics) was usedlﬂ The steps
involved in analyzing a video are as follows:

1.

Run the software and load the video file. Move the start frame arrow to the start of the
experiment and the end frame arrow after the impactor hits the dummy head. It is best to
mark the start of an experiment after the impactor passes through the frame.

. Add the Calibration Stick and mark both ends to the reference measurement (Fig. .

Create Point Mass by clicking Create in the menu bar. This will be used to track the object
in the next step.

Click Auto Tracker icon to open the menu for autotracking. Press Shift + Ctrl and click on
a feature on the impactor to select a feature to track.

After selecting a feature to track on the current frame, press Search to allow the software to
automatically track the feature in the next frames of the video. Manual intervention might
be needed to correctly track the feature in the next frame.

. To view the velocity plot, change the Y-axis on the plot to v: velocity magnitude.

7.4 Data analysis

The data analysis involves calculating the three severity indices from the acceleration data. A
MATLAB script (i.e. Matlab_script_multi.m) was used to find the Head Acceleration Criterion
(HIC), 3 ms criterion, and peak head acceleration (Fig. . It can process multiple files and store
the results in a spreadsheet file. The steps involved to analyze the data are as follows:

1.

8.

An excel file (i.e. xlsx) should be created for each experiment that contains the time and the
resultant acceleration columns of the TDMS files from the experiments.

. Each excel file should be named trial_%d.zlsx where %d is the experiment number (e.g. 1, 2,

etc) placed with the script in the same folder.

. The script is set to read 9 files. However, line 5 in the MATLAB script can be changed to

match the number of files that are needed to be analyzed.

. After running the script, the code creates a file processed_new.xlsx that contains the results

of the analysis (Fig. [14).

Validation and characterization

8.1 Severity indices

The experimental setup is capable of reporting three severity indices, namely, the Head Acceleration
Criterion (HIC), 3 ms criterion, and peak head acceleration. To validate the accuracy of the impact
rig in reporting comparable severity indices values, impact experiments at different velocities were

“Visit the software website for more details about the options and settings of the software [43].
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Figure 13: A sample of the generated linear acceleration data demonstrating the analysis for the
three severity indices. With kind permission from Springer Science + Business Media, adapted

from [34].
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A B C
1 peak 3ms HIC
2 10.558 |9.7145051.188857
3 10.8013 [9.930186|1.251474
4 10.71483/9.864423|1.237758
5 6.769654  6.226401|0.396653
6 6.818198|6.259047 0.394722
7 |5.816651|5.298136 | 0.25847
8 4.56473 |4.2000930.148416
9 3.829961|3.527626 0.100685
10 4.285476|3.945558 (0.129434
11

Figure 14: A sample of a generated analysis for 9 experiments.

performed. In these impacts, a beam with a 2 kg mass attached at one end was used as an impactor
(Fig. . The impactor was attached to the experimental setup to allow it to hit the frontal side of
the dummy head (see supplementary material). Impact tests at different velocities were conducted.
The data of the experiments and video recordings were analyzed for the severity indices and impact
velocities, respectively.

The results were used to evaluate the test rig by comparing the results to previous studies [5][7].
In these studies, an impactor with a mass of 1 kg was attached to different robotic arms of different
masses that were then used to perform impact tests on a developed dummy head. Their setup was
able to produce comparable results when compared to that produced by an anthropomorphic test
dummy (ATD). The validation impacts of our experimental setup was able to produce comparable
results (Fig. and Fig. . The differences in the masses of the dummy heads and impactors
are the reasons for slight differences in the results [44][45].

8.2 Limitations

This test rig is a suitable platform to evaluate the level of harm due to impacts, especially when
considered for small objects (i.e. less than 3 kg) thrown at low velocities (i.e. less than 10 m/s).
Furthermore, it can be used to investigate a relationship between the severity indices employed in
the setup and some of the parameters (e.g. mass) of impactors. The artificial skin could also be
used as an indicator for tissue injuries. However, re-applying the soft material might be needed
in case of a tear or damage. Heavy impactors with sharp features should be avoided as it might
penetrate the 3D printed structure of the dummy head.
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https://www.youtube.com/watch?v=FTqH-1lSosE&feature=youtu.be

Figure 15: A sample of the validation impact tests. With kind permission from Springer Science
+ Business Media, adapted from [34].
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