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Advances in biomedical and engineering fields have greatly increased the need for under-
standing of soft structures. Soft materials such as gelatin and gelatin-based hydrogels have
grown in popularity for use in a wide variety of applications including tissue engineering,
biofabrication, and organ transplantation. With hydrogel structures being used in such
demanding applications, it is crucial to properly characterize the dynamic behavior of these
soft structures. Although there have been major improvements in measurement technol-
ogy for determining the mechanical properties of soft, translucent materials, it remains
quite challenging to reliably measure the Young’s and shear moduli of these materials in
a way that remains straightforward, low-cost, and non-contact. This research aims to
address the weaknesses in modern measurement methods and develop a system suitable
for characterizing the elastic moduli of soft materials that requires only four, inexpensive,
off-the-shelf components. Utilizing a Raspberry Pi, stepping motor, and an inexpensive
camera, the Young’s and shear moduli of a gelatin column is measured five times. The stan-
dard deviation between measurement was observed to be less than 0.15% with high accu-
racy having an error of less than 4.6% when compared to relatively expensive, conventional
measurement techniques.

� 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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 Young’s and shear moduli analyser for soft materials
Subject area
 Engineering, biomedical and materials science
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 Measuring physical properties and in-lab sensors
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Open source license
 GNU General Public License (GPL)

Cost of hardware
 181 USD
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Hardware in context

Due to its unique material properties, gelatin and gelatin-based hydrogels are rapidly growing in popularity for use in a
wide range of applications including tissue engineering [1] biofabrication [2], microfluidics [3,4], and soft robotics [5,6]. With
soft structures often utilized in organ transplantation [2,7], tissue replacement [8], and 3D bioprinting [9], these gelatinous
and soft structures are often subjected to dynamic motions as a result of an impact, vibrations, ultrasonic diagnostics, or
excitation due to body movement in wearable electronics [1,10,11] and soft robotics [6]. Furthermore, since cell and tissue
behavior are easily influenced by changes in the mechanical properties of their environment [12], the mechanical interaction
between cells and their surrounding materials has become an area of interest for cancer and myocardial infarction research
[13]. Therefore, determining the elastic properties of soft materials such as gelatin-based hydrogels is critical for understand-
ing the dynamic behavior of the materials being employed in the aforementioned applications.

There have been various comprehensive research efforts to measure the Young’s modulus [14,15] and shear modulus [16]
of soft materials using both contact- and non-contact-based techniques. Static contact-based methods include techniques
such as atomic force microscopy (AFM) indentation [17], tension/compression [18,19], and magnetic force-based methods
[17], while dynamic testing is primarily performed via accelerometer or piezoelectric sensor [17,20]. Although conventional
static contact-based measurement techniques provide reliable results for relatively stiff materials, these methods may be
relatively slow and are not readily suitable for biofabrication or other fabrication processes. In addition, AFM indentation
testing may be challenging for the measurement of hydrogels due to adhesion between the gelatin/hydrogel structure
and the indentation punch [21]. Furthermore, dynamic contact-based measurement approaches may have large variable
error due to the innate mass present from sensor contact [22,23].

Non-contact based dynamic measurement approaches such as laser, X-ray and magnetic resonance imaging (MRI) may
also be used to characterize the mechanical properties of soft structures without mass loading effect [22,24]. However, lasers
may produce inaccuracies due to reflection and absorption, especially with hydrogels that are typically translucent. As a
result, reflective markers are often required for these approaches, which may provide substantial mass loading effect con-
sidering the pliable nature of soft matters in this study [25]. In addition, laser-based methods often have a limitation of mea-
surement to a single point [25], making it challenging to obtain an object’s mode shape without prior knowledge on the
structure’s material properties [26]. As a result, it is not readily available to identify the Young’s and shear moduli simulta-
neously. Although scanning laser vibrometers can measure more than a single point, they are generally highly expensive,
incapable of measuring low frequencies or large displacements, and cannot measure the response of an object sequentially
[27]. X-ray and spectroscopy methods can be used to view the microstructure and nanostructure of hydrogels to evaluate the
structural integrity of the sample, however these methods may lack the ability to characterize the material properties [24].
MRI-based methods often require expensive equipment compared to other conventional non-contact measurement
approaches. Digital image correlation offers a relatively inexpensive, non-contact method for estimating the material prop-
erties of soft structures, but often requires a speckle pattern to be formed on the target structure’s surface [30] and may even
require multiple cameras [28,29]. On the other hand, optical flow method employed in the proposed study may be used to
estimate the material properties of soft, translucent structures without the need for surface preparation or multiple cameras.

To advance the state of the art, this study presents a simple, open source, and cost-effective device to simultaneously
determine the Young’s and shear moduli of soft and translucent hydrogels using phase-based optical flowmethod, overcom-
ing the drawbacks associated with laser-based commercial counterparts. The description of the hardware and its working
principle with build and operation instructions are provided in the following sections. The reliability and accuracy of the pro-
posed non-contact method are experimentally assessed by comparing its measurement results to those of conventional
methods.
Hardware description

Despite modern advances in measurment technology, it is significantly challenging to reliably measure the elastic prop-
erties of translucent and soft materials using non-contact methods with a low-cost and straightforward implementation. The
video-based method and the device proposed in this study enables the measurement of the elastic properties of soft mate-
rials in a non-contact and non-destructive manner.

The device is comprised of a stepping motor, a Raspberry Pi, and an affordable video camera, which builds up to a size for
desktop use. A 3D printed arm attached to the motor provides an impulsive excitation to the soft material sample to induce a
free vibration, which is recorded as a video. The video is then processed by the software package provided in this study to
analyse the motion of the sample using phase-based motion estimation algorithm [27] that relates the phase shift of the
pixel intensity to the displacement of the target structure captured in the video. A fast-Fourier transform is then performed
on the resulting displacement signal to identify the resonant frequencies. Since the Young’s and shear moduli primarily con-
trols the flexural and torsional motions of the soft material, respectively, the material properties may be estimated when the
corresponding resonant frequencies are known. However, without any prior knowledge of the material properties, it is chal-
lenging to identify which frequency peaks correspond to the flexural or torsional modes. On the other hand, since the optical
flow in every pixel of the series of images captured by video effectively represents the motion of the target structure, the
operational deflection shapes (effectively the mode shapes) can be assessed by utilizing phase-based motion magnification.
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To do so, the phase signals from the image sequence are decomposed from the original video by using a set of complex steer-
able pyramid filters. The local phase signals are then temporally bandpassed near the resonance frequency and multiplied by
amplification factor to magnify the motion of interest, the vibration mode shapes.

With the resonant frequencies and their corresponding mode shapes identified, the material properties may be obtained
by utilizing the threoretical relationship between the Young’s and shear moduli and the resonance frequencies. In this study,
the soft material samples were prepared in vertical column shape with length L and width h, which could be modeled as
cantilever beam based on Euler-Bernoulli beam theory. The fundamental natural frequency of flexural vibrations (xF) of a
cantilever beam considering self-weight can be estimated as x2

F ¼ x2
b �x2

g employing a single mode approximation [31].
Considering that gravity induced compression loading lowers the natural frequency of soft materials [32],

xb ¼ 3:516
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EI=qAL4

q
and xg ¼ 1:203

ffiffiffiffiffiffiffiffi
g=L

p
are assumed, which represent the fundamental resonant frequencies of a can-

tilever beam and hanging chain, respectively [33]. E, A, and I represent the Young’s modulus, cross section area, and the sec-
ond moment of inertia, respectively. The fundamental natural frequency of torsional vibrations (xT) can be obtained as

xT ¼ p=2L
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CG=qJ

p
where C � 0:141h4 is the torsional constant considering the square cross section of the column. G and

J ¼ 1=6ð Þh4 are the shear modulus and polar area moment of inertia of the cross section about the axis of torsion, respectively
[33]. Eq. (1) and (2) can then be obtained to determine the Young’s and shear moduli respectively from the fundamental flex-
ural and torsional natural frequencies determined by the experiment.
E ¼ x2
F þ 1:2032 g=Lð Þ

� �
qAL4=3:5162I

� �
ð1Þ

G ¼ qJ=C 2xTL=pð Þ2 ð2Þ

The Poisson’s ratio (m) may then be estimated based on the linear relationship between Young’s and shear moduli assum-

ing linear elastic isotropic behavior, G ¼ E
2 1þmð Þ. While gelatin at concentrations greater than 3% w/w have been shown to illus-

trate viscoelastic behavior, at low temperatures, over short time intervals, and low shear strain, gelatin is dominated by its
elastic component under relatively small strain [34]. It is worth noting that the elastic properties of the soft material could be
obtained as long as the sample is prepared into a shape in which the theoretical formula that relates the resonance frequency
with the elastic moduli could be determined, like the column type presented above. Overall, the proposed device and soft-
ware package for video-based measurement advances the state of the art by compiling a novel system that:

� Is capable of reliably and simultaneously measuring Young’s and shear moduli of soft materials without inducing mass
loading or requiring prior knowledge on the target structure.

� Has a minimal footprint allowing for maximum benchtop space.
� All parts may be printed with entry-level 3D printers requiring only four, inexpensive, off-the-shelf components (webcam
module, motor, driver, and Raspberry Pi).

Design files summary
Part
no.
Count
 Design file name
 Picture
3

File type
 Open source
license
Location of
the file
A1
 1
 40mm_link_a
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
A2
 1
 40mm_link_b
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
(continued on next page)
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(continued)
Part
no.
Count
 Design file name
 Picture
4

File type
 Open source
license
Location of
the file
A3
 1
 70mm_link_a
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
A4
 1
 70mm_link_b
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
A5
 1
 camera_adapter
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
A6
 1
 table_adapter
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
B1
 1
 base_plate
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
C1
 1
 motor_mount
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
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(continued)
Part
no.
Count
 Design file name
 Picture
5

File type
 Open source
license
Location of
the file
C2
 1
 excitation_arm
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
D1
 1
 mold_base
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
D2
 1
 mold_shell
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
E1
 3
 bolt_long
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
E2
 4
 bolt_short
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
E3
 3
 nut
 STEP-File (.STEP)
 GPL
 Zenodo
Repository
F1
 1
 prep_experiment
 –
 Python-File (.py)
 GPL
 Zenodo
Repository
F2
 1
 run_experiment
 –
 Python-File (.py)
 GPL
 Zenodo
Repository
F3
 1
 video_process
 –
 Compressed-
Folder (.zip)
MIT
 Zenodo
Repository
Camera stand components (A1-6):
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� 40mm_link_a is a 40 mm in length arm that makes up one link of the camera stand.
� 40mm_link_b is the second part of ‘‘link_a”. This allows the stand to be printed with fewer supports.
� 70mm_link_a is similar to 40mm_link_a but 30 mm longer.
� 70mm_link_b is similar to 40mm_link_b but 30 mm longer.
� camera_adapter is the intermediate link between the 40 mm links and the Raspberry Pi camera. This allows the camera
stand to hold the camera.

� table_adapter allows the 70 mm links to be mounted to the base plate. This completes the camera stand.

System hardware (B1, E1-3):

� base_plate is the foundation for each system component to mount to and allow for a concise desktop system.
� bolt_long is a 25 mm thumb screw utilized to hold the camera stand together while also allowing for easy tension
adjustment.

� bolt_short is a 8.7 mm thumb screw utilized to mount system components to the base plate.
� nut is the fastener utilized for both bolt variations.

Excitation components (C1,2):

� motor_mount allows the stepping motor to be mounted to the base plate, keeping the motor in a consistent location.
� excitation_arm is the arm attached to the stepping motor which swipes the gelatin column to induce motion.

Mold components (D1,2):

� mold_base is one of two parts for the mold. This is the bottom part that snaps on to the mold_shell.
� mold_shell is the wall portion of the mold. This part snaps on to the mold_base to complete the mold.

Code library for material property extraction (F1-3):

� prep_experiment.py is the python code to preview the camera angle. This allows the camera to be adjusted to proper ori-
entation prior to executing an experiment.

� run_experiment.py is the python code that executes an experiment. This records a video as the motor swipes the gelatin
sample.

� video_process is a library of the video processing code which obtains the material properties from experimental data. The
phase-based motion estimation algorithm that determines the displacement of the object is built upon the code pub-
lished by Wadhwa et al. in [35].

Bill of materials summary
Designator
 Component
6

Number
 Cost per
unit
Total
cost
Source of
materials
Material
type
Raspberry Pi
 Raspberry Pi Computer Model B
 1
 $ 117
 $ 117
 Amazon
 Other

Raspberry Pi Camera
 Arducam for Raspberry Pi Camera

Module with Case

1
 $ 22
 $ 22
 Amazon
 Other
Stepper Motor
 Usongshine Nema 17 Stepping Motor
 1
 $ 7
 $ 7
 Amazon
 Metal

TB6600 Stepper

Motor Driver

Usongshine Stepper Motor Driver
TB6600
1
 $ 10
 $ 10
 Amazon
 Metal
Raspberry Pi Power
Supply
CanaKit 5 V 2.5A Raspberry Pi 4
Power Supply
1
 $ 10
 $ 10
 Amazon
 Other
Stepper Motor
Power Supply
EMITEVER 24 VDC Power Supply
 1
 $ 15
 $ 15
 Amazon
 Other
� Raspberry Pi is the controller for both the camera and motor.

� Raspberry Pi Camera is the sensor utilized to measure displacement of the sample.
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� Stepper motor automates the rotation of the excitation arm and allows for consistent excitation. However, since the exci-
tation is a swiping motion that does not require any precise movement, the step resolution of the motor does not affect
the excitation or measurement accuracy. A DC motor may be substituted if desired.

� TB6600 Stepper Motor Driver controls the stepper motor.

Build instructions

Module assembly

This section outlines the build instructions of the module to simultaneously measure the Young’s and shear moduli using
video-based vibrometry. After obtaining the required parts in the bill of materials, begin by 3D printing each component
listed in the design files summary. The required quantity of each part is listed under the ‘‘count” column. Each part is rec-
ommended to be printed with 0.3 mm layer height, 20% infill, and supports, except for: ‘‘bolt_short”, ‘‘bolt_long”, and ‘‘nut”.
The nuts and bolts are recommended to be printed with 0.2 mm layer height with 100% infill and no supports considering the
stress that may be applied when used in assembly. A typical polylactic acid (PLA) filament with 1.75 mm diameter is used for
manufacturing the parts in this study using a Prusa MK3S + 3D printer. After printing, the camera stand may be assembled as
follows (see Fig. 1):

� Bolt ‘‘70mm_link_a” (A3), ‘‘70mm_link_b” (A4), and ‘‘table_adapter” (A6) parts together. Reference the design files sum-
mary for part numbers.

� The 40 mm links (A1,2) may then be bolted to the 70 mm links.
� The ‘‘camera_adapter” (A5) may then be bolted to the 40 mm links.
� Lastly, the Raspberry Pi camera may be mounted to the stand as illustrated in Fig. 2(a).

Next, each component may be mounted to the ‘‘base_plate” (B1) as follows (see Fig. 2):

� Utilizing ‘‘stepper_mount” (C1) and ‘‘bolt_long” (E1), the stepper motor may be mounted to the ‘‘base_plate” (B1).
� The camera stand may then be mounted to the base plate. When using a specimen that has a size of 101.6 mm � 25.4
mm � 25.4 mm as utilized for verification in this study, the recommended mount point is as illustrated in Fig. 2.

� The ‘‘excitation_arm” (C2) may then be press fit on to the stepper motor and the camera mounted as shown in Fig. 2(b).
The camera may be mounted via the nuts and bolts provided with the Raspberry Pi camera.
Fig. 1. Camera stand completed view (a) and exploded view (b). Part numbers in the Design file summary table are provided next to each component in the
figure.

7



Fig. 2. Base plate completed view (a) and prepared for experiment (b). Part numbers in the Design file summary table are provided next to each component
in the figure.
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� The gelatin sample should be placed such that the ‘‘excitation arm” (C2) may swipe the edge of the sample inducing a
small radial impulse. In this study, the excitation arm is allowed to strike the gelatin column with a depth of 1 mm; how-
ever, this value may require some adjustment depending on the stiffness of the structure being measured. Example videos
are provided in ‘‘video_process” folder found in the Zenodo repository to illustrate the magnitude of excitation provided
to the gelatin column. The gelatin is modeled as fixed-free, vertical, cantilever beam due to the inherent high adhesion
between the specimen and the resting surface. No additional fixture or adhesive is required to fix the sample to the base
plate.

Next the circuit may be wired together by connecting the stepping motor, motor driver, Raspberry Pi, and Raspberry Pi
camera as illustrated in Fig. 3.

Preparing soft material samples

In this study, porcine gelatin (Sigma Aldrich, Catalog # G2625 with a Bloom number of 175 g according to the manufac-
turer) is utilized as a sample soft material to illustrate the effectiveness of the proposed approach, since gelatin is one of the
Fig. 3. Wiring diagram for the electronics of the video-based vibration measurement system.

8



Fig. 4. Assembled (a) and filled (b) gelatin molds.

M. Sands and J. Kim HardwareX 13 (2023) e00386
readily accessible soft and translucent materials that are often utilized in various applications. An easy-to-build gelatin spec-
imen (25.4 mm � 25.4 mm � 101.6 mm) is prepared by utilizing a 3D printed mold provided in the design files summary.
Note that the proposed method is greatly scalable based on appropriate setting of the camera and lens since the approach
analyzes the motion of the object within the camera angle. Therefore, as long as the specimen is prepared into a shape in
which theoretical formula for the resonance frequency can be obtained, like the column type presented in this study, the
elastic properties of the material can be determined even with a different size specimen. The gelatin sample in this study
is manufactured as follows (see Fig. 4):

� Determine a suitable gelatin concentration for your application and prepare the appropriate water and gelatin powder
ratio. In this study, 25% w/w gelatin is utilized (75 g of water and 25 g of gelatin powder) for demonstration.

� Next, begin heating water to approximately 60 �C (140 �F). As the water heats, the sample mold (part D1 and D2 in the
design file summary) may be prepared. The gelatin mold may be snapped together as illustrated in Fig. 4(a) and lubricated
with a thin layer of oil. In this study, an olive oil-based cooking oil is utilized.

� Once the water reaches the desired 60 �C temperature, pour the gelatin powder in, andmix until homogenous, which took
approximately 15 mins for 25% w/w concentration. It is recommended to mix thoroughly but quickly to reduce water
evaporation.

� Next, pour the gelatin solution into the sample mold and refrigerate at approximately 10 �C (50 �F) for 1.5 h.
� After the sample has cured, it may be removed from the mold by popping the bottom off and gently pushing the gelatin
sample out. It is recommended to allow the gelatin to return to room temperature prior to measurement.

Operation instructions

Hardware instructions

� Apply power to both the Raspberry Pi (5 V/2.5A) as well as the stepping motor driver (24 V/1.5A). This may be done via
the ‘‘Raspberry Pi Power Supply” and ‘‘Stepper Motor Power Supply” listed in the bill of materials or by variable power
supply.

� Place a gelatin sample on the ‘‘base_plate” (B1) such that the ‘‘excitation_arm” (C2) can swipe the edge of the sample
while the camera records the response from an isometric view of the gelatin. The ‘‘excitation_arm” was allowed to strike
the gelatin sample with a depth of 1 mm in this study as illustrated in Fig. 2(b); however, this value may require adjust-
ment depending on size and stiffness of a given sample. An example video is provided with the ‘‘video_process” (F3) code
package under the ‘‘data” directory. No additional constant intensity lighting or coatings are used in this study.

Software instructions

To prepare the camera for an experiment:

� The Raspberry Pi controls both the camera and the stepping motor and may be accessed directly by plugging in a mouse/
keyboard to the USB-A ports and a display via HDMI port. Power the Pi by connecting the CanaKit 5 V Power Supply via
the USB-C port labelled ‘‘power in”. Once power is supplied, the Pi will boot into Raspberry Pi OS and prompt the user for
initial setup (language, username, password, etc.). Afterwards, the user may login and continue to the next step in camera
preparation.
9
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� To ensure the camera is positioned as intended, execute ‘‘prep_experiment.py” (F1) which will display a preview of the
camera’s view. ‘‘prep_experiment.py” may be executed by running the command ‘‘python prep_experiment.py” in a ter-
minal emulator.

� Adjust the position of the camera by loosening/tightening the bolts connecting the links together. Reference Fig. 5 for a
frame image of the video illustrating the suggested field of view of the camera for adequately capturing the overall vibra-
tion patterns of the sample.

To execute the experiment:

� The Raspberry Pi controls both the camera and the stepping motor.
� Executing ‘‘run_experiment.py” will begin video recording, spin the stepping motor to excite the structure via the exci-
tation arm, and stop recording. ‘‘run_experiment.py” (F2) may be executed by running the command ‘‘python run_exper-
iment.py” in a terminal emulator.

� To adjust any variable (i.e., recording time or motor speed), edit the ‘‘run_experiment.py” in any text editor or integrated
development environment and adjust any variables listed at the top. Each variable and its use case are detailed in the
code’s comments.
� ‘‘x_resolution” and ‘‘y_resolution” control the resolution in the horizontal and vertical directions, respectively.
� It is worth noting that the resolution of the camera impacts the accuracy of the measurement. Since each pixel in
the image sequence effectively serves as its own sensor, the greater the pixel density, the more precise the mea-
surement. If the scale factor is too low, small motion may not be perceived since the motion is smaller than a single
pixel. The scale factor in this study is approximately 8.54 pixels/mm.

� ‘‘fs” is the framerate of the video (60 frames per second for this study).
� The sampling rate or shutter speed of the camera is equally important as the resolution. According to Nyquist’s the-

orem, the sampling rate of the sensor must be at least two times the frequency of the target structure’s motion. For
example, since the sampling rate is set to 60 Hz in this study, the maximum frequency that may be measured is
30 Hz. The sampling rate may need to be adjusted depending on the resonance frequencies of the sample.

� ‘‘pulse_time” controls the speed of the motor via pulse width modulation. Decreasing ‘‘pulse_time” increases the
motor speed and increasing ‘‘pulse_time” reduces the motor speed.

� ‘‘record_time” is the length of time, in seconds, that the camera captures video. ‘‘record_time” should be long enough
to capture the motion starting from excitation to when motion dies out. Eight seconds was chosen for this study.
Fig. 5. An example camera field of view that was used in this study for capturing the overall motion of the sample.

10
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� After obtaining the video recording, the raw encoded video must be converted to MP4 format in order to be processed.
This may be done by executing the following command in a terminal emulator: ffmpeg -framerate 30 -i /path/to/
video.h264 -c copy /path/to/video.mp4
� It is worth noting that compressing the raw image data may introduce compression artifacts; however, it has been

shown compressed video still offers excellent measurement accuracy even when compared to highly sensitive
laser-based sensors [35–39]. Additionally, compression allows for faster processing times and limits the use of pre-
cious storage space.

To process the experimentally obtained data:

� The video processing code may be found in the compressed folder ‘‘video_process.zip” (F3). Download and extract this
folder to obtain all the required code for the following steps.

� Open ‘‘trim_data.m” in MATLAB. This code is utilized to trim the length of videos such that only frames encompassing free
vibration responses may be observed. This is achieved by allowing the user to select the time in which free vibration
begins and the length of time that the measured structure oscillates. Executing the code will open a file manager which
may then be used to select the experimental data one would like to process. The script will then load the videos and
prompt the user for the length of time (in seconds) that the measured structure oscillates for. Typing the time and press-
ing enter will allow the script to proceed. Next, the script will prompt the user for the time (in seconds) that free vibration
begins. Typing the time and pressing enter will trim the video and save it to the directory containing the original data
under a folder titled ‘‘trimmed_data”.
� The process of selecting the initial time in which free vibration begins is made easier by displaying frame images from

the video and their corresponding time stamp when executing the code. An example is shown in Fig. 6. By default, the
code displays every 2nd frame between the time 1.5 s and 3 s. These parameters may be altered by adjusting the vari-
ables within the code. ‘‘time1” corresponds to the initial time (in seconds) frame images begin being displayed.
‘‘time2” corresponds to the time (in seconds) frame images cease to be displayed. ‘‘n_frames” corresponds to the
nth frame to be displayed between the variables ‘‘time1” and ‘‘time2”. For the video obtained in this study (included
in ‘‘video_process.zip”, F3), the excitation arm leaves the camera’s field of view at approximately 2.43 s and the struc-
ture oscillates for 16 s so 2.43 is chosen as the initial trim time and 16 is chosen as the period of oscillation.

� Once the data has been trimmed, open ‘‘run_fft.m” in MATLAB. This code is utilized to obtain the frequency response of
the target structure. Executing the code will open a file manager which may then be used to select the experimental data
that one would like to process (the cropped videos). The script will then load the videos, carry out a fast-Fourier trans-
form, display the frequency spectrum, and save it to the ‘‘cropped_data” directory under a folder titled ‘‘FFT”.
� The variable ‘‘fs” under ‘‘input settings” is the frame rate of the video being processed and should be set prior to exe-

cuting the code. In this study, the videos are recorded at 60 frames per second (fps) so ‘‘fs” is taken as 60.
Fig. 6. Frame images from video of the gelatin sample being excited. Frame b illustrates the excitation arm (highlighted in red) swiping the structure at
approximately 2.37 s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

11
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� After obtaining the frequency response, the flexural and torsional resonant frequencies may be obtained. Open ‘‘evaluate_
frequencies.m” in MATLAB. Executing the code will open a file manager which may then be used to select the experimen-
tal data that one would like to process (the cropped videos). The script will then load the videos and prompt the user for
input frequencies. These should be the resonant frequencies identified from the spectrum previously obtained. The script
will then prompt for the width of the frequency peak. This is the width of the peak obtained via the frequency spectrum.
The script will then prompt the user for a magnification factor. This is the multiplication factor that the video will be
amplified by. For soft structures with small displacements, a factor of 50 may be a safe starting point. The motions in
the video will then be bandpass filtered around the frequencies of interest and magnified by the magnification factor pro-
vided by the user. The resulting videos will be saved to the ‘‘cropped_data” directory under a folder titled ‘‘magnification_
results”. The magnified videos should then be analyzed to determine which frequency corresponds to the respective flex-
ural and torsional mode shapes.

� After identifying the frequencies corresponding to the flexural and torsional mode shapes, the material properties may be
obtained. Open ‘‘evaluate_properties.m” in MATLAB. Executing the script will prompt the user to enter the flexural and
torsional resonant frequencies. Afterwards, the script will calculate the Young’s and shear moduli. The results will be dis-
played in the command window.
� The mass, width, height, and length of the sample used for calculation may be adjusted by changing the ‘‘m”, ‘‘w”, ‘‘h”,

and ‘‘L” variables within the code, respectively.
Validation and characterization

Fig. 2(b) illustrates the completed test bench utilized to validate the effectiveness of the Raspberry Pi camera for measur-
ing elastic and shear properties of soft hydrogels. In this case study for verification, a 25% w/w gelatin column was prepared
as detailed in the operation procedure (Sec. 5.2). The experiment was performed to obtain five videos (720p resolution at 60
fps) of the column’s free vibration response. The vibration of the gelatin sample was simultaenously measured by a laser
displacement sensor (optoNCDT 1420, Micro-Epsilon) at a sampling rate of 4000 Hz with a reflector tape attached. The
videos of the vibrating structures are then trimmed so that only frames encompassing the gleatin’s free motion may be
observed. The trimmed video is then processed to analyze the motion of the gelatin structure using phase-based motion esti-
mation algorithm [35,37,39] and obtain the spectral response of the gelatin sample. The amplification factor is selected as
100 for this study to estimate the mode shapes of the samples. Capture images of the motion magnified videos are provided
in Fig. 7(b,c) where the operational deflection shapes match the expected flexural and torsional mode shapes of the vertical
cantilever beam.

In order to validate the repeatability of the proposed system, the fundamental resonant frequencies for the flexural and
torsional vibration modes of a single 25% w/w gelatin sample were measured five times utilizing video. A Lorentzian fit is
applied to the resulting frequency spectrum to obtain the resonant frequencies documented in Table 1, where the maximum
Fig. 7. Frequency response of a 25% gelatin sample (a) magnified at the highlighted resonant frequencies to obtain the flexural (b) and torsional (c)
operational deflection shapes.

12



Table 1
Comparison of resonant frequencies from five video measurements of a single 25% w/w gelatin column.

trial 1 trial 2 trial 3 trial 4 trial 5 mean std. dev. std. dev. %

Flexural resonance frequency, Hz 2.697 2.697 2.700 2.702 2.699 2.699 0.002 0.086
Torsional resonance frequency, Hz 10.992 11.027 10.995 11.009 10.998 11.004 0.014 0.131
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standard deviation is less than 0.1% and 0.15%, respectively. These results support that the experimental setup provides reli-
able measurement of the vibration characteristic of the gelatin sample.

To verify the effectiveness of the proposed system, the time-series and resonance frequencies obtained by the Rasbperry
Pi camera-based method are compared to those simultaneously obtained by conventional laser displacement sensor utilzing
the same 25% w/w gelatin sample used in consistency verfiication. The camera’s sampling rate is maintained at 60 Hz and the
laser displacement sensor is set to sample at 4 kHz. Both the laser and video signals are filtered using a Tukey windowwith a
cosine/constant section ratio of 0.1 for leakage protection. The displacement from the camera was extracted using the local
phase of the measured video as described in Sec. 2. To directly compare the time series results, the laser and video displace-
ment signals were manually synced such that both measurements begin at the same time. The displacement derived from
the camera closely matches the laser displacement signal with minimal amplitude and phase difference as illustrated in
Fig. 8(a). Fig. 8(b) shows the frequency spectrum obtained by the two methods, which illustrate excellent agreement with
a maximum difference of 1.1% when comparing the flexural resonant frequency and 3.3% when comparing the torisional res-
onant frequency, indicating that the video camera is calibrated with respect to the laser displacement sensor. Resonance fre-
quencies and elastic moduli obtained by both approaches are provided in Table 2.

Following the experiments verifiying the consistency and accuracy of the proposed video-based approach, the reliability
of the molding method is evaluated. Five gelatin samples were prepared for each of 20% w/w and 30% w/w gelatin concen-
trations as per the procedure detailed in Sec. 5.2. The time response of the gelatin samples are then measured by video cam-
era and the elastic moduli are estimated. Table 3 provides the experimentally obtained mass densities, resonance
frequencies, elastic moduli, and Poisson’s ratios of each gelatin concentration. On average, the standard deviations of the
Young’s and shear moduli extracted from the proposed experiment respectively resulted in 3.2% and 3.5%, which supports
that the experimental setup provides reliable measurement and fabrication of the gelatin structures.

The video based measurements were then compared with those of conventional compression techniques. The compres-
sion tests are performed on 5 samples for each of 20% and 30% gelatin concentrations utilizing a material testing system
(ESM303, Mark-10 Corporation). The gelatin samples for each concentration are compressed by 7.5% of their overall length
at three different compression rates: 0.21%/s, 0.41%/s, and 0.84%/s for a total of 30 measurements. A single stress–strain
curve is presented in Fig. 9(a) where a linear fit is applied to the entire length of the curve and the slope of the fitted line
is taken as the Young’s modulus.The mean and standard deviation of the Young’s moduli determined for each compression
rate are provided in Table 4. The fitted results are illustrated in Fig. 9(b) where the thick bold lines indicate the average of five
measurements for a given concentration and compression rate. It may be noted from Fig. 9(b) that varied compression rate
has little impact on the stress–strain curve’s linearity with a deviation of 1.1% between the average coeffiecents of
determination.
Fig. 8. Comparison of the time series (a) and frequency response (b) from five measurements of a single 25% w/w gelatin sample using laser and video
techniques.
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Table 2
Comparison of resonant frequencies and elastic moduli from five measurements of a single 25% w/w gelatin sample using laser and video techniques.

Video Laser Difference, %

Flexural resonance frequency, Hz 2.70 ± 0.00 2.73 ± 0.01 1.1
Torsional resonance frequency, Hz 11.00 ± 0.01 11.38 ± 0.03 3.3
Young’s modulus, kPa 71.0 ± 0.1 72.1 ± 0.1 1.5
Shear modulus, kPa 24.5 ± 0.1 26.2 ± 1.0 6.5

Table 3
Comparison of resonant frequencies and elastic moduli from five measure-
ments of 20% w/w and 30% w/w gelatin samples using video techniques.

Concentration 20% 30%

Density, kg/m3 1026.3 ± 15.1 1076.5 ± 27.5
Flexural resonance frequency, Hz 2.37 ± 0.09 4.57 ± 0.11
Torsional resonance frequency, Hz 9.88 ± 0.02 17.30 ± 0.10
Young’s modulus, kPa 55.4 ± 1.8 162.7 ± 7.3
Shear modulus, kPa 18.8 ± 0.7 62.1 ± 2.0
Poisson’s ratio 0.47 ± 0.04 0.31 ± 0.04

Fig. 9. (a) Stress–strain curve of a single gelatin column measurement and (b) linear fitted stress–strain curves for varied compression rates. Thick lines
indicate average of individual measurements that are presented by light-colored lines.

Table 4
Comparison of Young’s modulus obtained at varied compression rates
for both 20% and 30% gelatin concentrations.

Concentration 20% 30%

Deformation rate, 0.21%/s 57.2 ± 1.3 kPa 151.7 ± 9.5 kPa
Deformation rate, 0.41%/s 58.1 ± 2.2 kPa 153.4 ± 3.8 kPa
Deformation rate, 0.84%/s 60.0 ± 2.8 kPa 150.8 ± 9.1 kPa

M. Sands and J. Kim HardwareX 13 (2023) e00386
Comparing the video and compression results for both 20% w/w and 30% w/w concentrations show great quantitative
agreement with minimal variation as illustrated in Fig. 10.

In summary, this research investigates a low-cost and open-source method that can simultaneously measure the Young’s
and shear moduli of soft structures, such as translucent hydrogels. The material properties are determined by measuring the
resonance frequencies and mode shapes from a single video captured by a Raspberry Pi camera. Utilizing an analytical solu-
tion, the resonant frequencies may be related to the Young’s and shear moduli without requiring any prior knowledge on the
material properties of target structure or inducing contact-based mass loading, a critical point for measurement of soft struc-
tures. Thus, the proposed method yields a straightforward implementation that requires only a low-cost digital camera with-
out the need of special equipment. Through experimental investigations on a gelatin-based hydrogel sample it is found that
14



Fig. 10. Comparison of Young’s modulus obtained by both video and compression techniques.

M. Sands and J. Kim HardwareX 13 (2023) e00386
the proposed method reliably identifies the mechanical properties of the soft structure when compared to that with leading
conventional measurement methods. The results of this study illustrate promising potential for implementing the proposed
methodology in various fields such as cell biology and engineering applications including soft robotics, wearable sensors,
tissue engineering and biofabrication.
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