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Abstract
Background  The ever-growing use of soft swollen (multiphasic) materials in engineering and medical applications neces-
sitates monitoring, understanding, and modeling of their mechanical behavior. Energy-to-crack nucleation and propagation 
are essential in determining load-carrying capacity and toughness of such materials. Therefore, high-throughput and robust 
testing techniques need to be developed for measuring failure properties of soft swollen materials.
Objective  To address the above need, the current study seeks to investigate the acoustic emissions (AE) released from 
surface cracks on gelatin samples and explore links among AE characteristics and mechanical (mostly failure) properties of 
the tested samples. In hard materials such as ceramics, composites, and metals, localized indentation cracks generate AE 
energies proportional to nucleation energies. However, to the best knowledge of the authors, a correlation study between 
fracture and AE properties on soft swollen materials is currently missing in the literature.
Methods  Synchronous Multi-Point Vibrometry (MPV, non-contact) is used to obtain reliable surface wave information 
(referred to as AE) emitted from cracks induced by quasistatic indentations on gelatin samples. Non-contact sensing of AE 
from soft materials is essential in eliminating sensor attachment induced mass and stiffness effects.
Results  Several properties of the AE signals such as energy, duration, rise time are analyzed and correlated to quasistatic 
elastic and fracture properties of the gelatin samples.
Conclusions  Specifically, a power-law type correlation is found between AE and fracture energies is found for gelatin and 
compared with hard materials in the literature.
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Introduction

Soft swollen (multiphasic) materials have several appli-
cations in traditional and biomedical engineering fields. 
Hence, it is important to properly understand their mechan-
ical responses. For instance, failure thresholds such as 
energy-to-crack nucleation and propagation are essential in 
determining load-carrying capacity and toughness of such 
materials. Therefore, high-throughput, minimally invasive 
and in-operando testing techniques need to be developed 

for measuring failure properties of soft swollen materials 
[1, 2]. The fracture events are often associated with acoustic 
emissions (AE). AE events detected after fast release of elas-
tic energy have been widely studied in fracture of materials 
such as ceramics [3], concrete [4], composites [5], and have 
been utilized in seismic [6, 7] and structural health monitor-
ing [8] applications. In particular, failure-induced AEs are 
analyzed to obtain quantitative information on crack nuclea-
tion [9], crack propagation [10, 11], plastic deformation [12, 
13], and dislocation motion [14, 15] in various materials. 
It is well-known that localized indentation cracks generate 
AE energies proportional to nucleation energies and tough-
ness of hard materials such as ceramics and metals [16]. The 
major goal of this study is to explore whether AEs induced 
locally by indentation cracks can be related to the failure 
properties of the soft materials. To the best knowledge of the 
authors, AE- fracture correlation study on soft swollen mate-
rials is currently missing in the literature. Here, we fill that 
gap by addressing common challenges in obtaining reliable 
vibration data on soft multiphasic, low stiffness materials.
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Failure properties of soft materials such as elastomers 
and gels are drawing increased attention due to their 
increased utilization in load-bearing applications of engi-
neering, food industry and medical fields. Through several 
numerous microstructural modifications, the toughness 
and flaw resistance of the soft materials can be enhanced 
[17–19] to broaden their utility. Hence, measuring and 
understanding failure properties of those materials are 
of special importance. Several recent studies focused on 
understanding fracture mechanisms in soft materials. 
Zhang et al. [20, 21] used a Y-shaped cutting geometry to 
investigate the cutting fracture energy response on polydi-
methylsiloxane (PDMS) with different crosslinks. Milner 
et al. [22] and Scognamiglio et al. [23] captured multi-crack 
formations resulting from cavity expansion on soft silicone, 
ballistic gelatin gels and polymethacrylic acid based hydro-
gels, respectively. Skamniotis et al. [24] developed finite 
element models to study the cutting of soft solids. Their 
cutting force predictions are based on experimentally cali-
brated viscoplastic law and are shown to be more efficient 
than the fracture criterion. Duncan et al. [17] explored the 
fracture energy and crack nucleation energy of soft poly-
meric gels, i.e. gellan, using razor blade-initiated fracture 
tests and showed scaling relationships between nucleation, 
crack energies, and concentration. In addition, our research 
group studied the fracture mechanisms in porcine cartilage 
[25, 26] under micro-indentation and discovered that the 
degree of relaxation in the tissue directly influenced the 
work to fracture. In the above-mentioned works on soft 
materials, the primary focus is on understanding the frac-
ture mechanisms.

The main contribution of the current article is to measure 
crack-induced AEs in gelatin-based hydrogels and relate AE 
signal properties to samples’ fracture properties. We analyze 
the duration, rise time, and energy of AE signals, and corre-
late those to quasistatic elastic and fracture properties of the 
samples. We observe a power-law correlation between AE 
and fracture energies. Correlation power obtained from gela-
tin in this study is compared to the ones reported in the liter-
ature for hard brittle materials. In addition, we obtained AE 
signals from nanoindenter-induced fracture of mica, quartz, 
and aluminum samples. Although those AE signal forms 
resembled those recorded for gelatin samples, the duration 
and rise times were approximately four orders of magni-
tude smaller. The contrast in stiffnesses and thus shear wave 
speeds of gelatin, mica, quartz, and aluminum samples lead 
to such stark differences in AE signal properties. These cor-
relations and sensitivity of AE signal properties to samples’ 
elastic and failure properties promise a reliable alternative to 
mechanical testing of soft swollen materials. The developed 
study has potential applications in soft materials, such as 
gelatin based chewable sweets, fresh and frozen vegetables, 
fruits, pasta, and meat from the food industry, capsules and 

emulsions in pharmaceutical industry and surgical opera-
tions on several biological tissues in medicine. The stiffness 
and fracture properties of soft materials are directly related 
to the microstructure and processing conditions. Monitoring 
of stiffness and failure properties via AEs will enable online 
quality control of the products and processes.

Indentation‑Fracture Experiments

Gelatin samples were prepared at three concentrations 10%, 
15%, and 20% (w/V). The details of the sample preparation 
are given in the Section S1 of the supplementary document. 
Then, indentation-fracture tests were performed on the sam-
ples via a mechanical tester (3230-AT Series III, TA Instru-
ments, New Castle, DE). As demonstrated by the earlier 
works of the authors, this mechanical tester is ideally suited 
for indentation-fracture tests on soft materials [25–28]. Gela-
tin was chosen as a model material system [29] since its prop-
erties resemble soft biological tissues with low stiffness [30, 
31] and it is widely used in the food industry [32], so its frac-
ture properties are important. The indentation-fracture setup 
shown in Fig. 1(a) consists of stationary and moving parts. 
The stationary part includes the crosshead of the tester, a load 

Fig. 1   a Experimental Setup of the fracture indentation test on soft 
material sample using the mechanical tester device and simultaneous 
recording of acoustic emissions using a MPV device; b Schematic of 
the experiment setup showing the acoustic emission wave profile due 
to fracture event along with the velocity measurement coordinates; 
Dotted lines represent the static deformation profile c Schematic of 
the load–displacement curve showing total strain energy WT, recover-
able strain energy Wul, and fracture energy Wf
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cell (PCB 208C01 44.48 N), a sample holder, and a petri-dish 
(6.5 cm inner diameter) holding the cured gelatin stacked on 
top of the crosshead (Fig. 1(b)). The moving part includes a 
steel indenter (flat-ended cylindrical punch) that is attached 
to a linear actuator with the help of a 20 cm steel extender. 
Further details on the fracture experimental setup are given 
in the Section S2 of the supplementary document. Fracture 
events were detected by a rapid drop in the measured load P 
from the load–displacement profile as shown in Fig. 1(c) on 
a representative measurement. The noise floor of the load 
cell is 0.45 mN-rms, which was lower than typical drop off 
loads (~3 N). The high resolution of the load-cell enables 
reliable detection of fracture events. The fracture energy Wf  
was calculated as the shaded area in Fig. 1(c) up to the first 
major load drop off event, i.e.,

where WT = ∫ �c
0

Pd� is the critical work done by the 
indenter up to the first fracture nucleation point, and Wul is 
the recoverable strain energy upon unloading. WT is com-
puted through trapezoidal integration routine in MATLAB. 
Note that this work is primarily stored as strain energy in 
the gelatin samples since the relaxation time constants (~5 
s) are greater than loading times (~1 s). Since the fracture 
events occur stochastically, critical displacements cannot 
be prescribed before testing, and thus proper unloading and 
measurement of recovered energy is not possible. To get an 
estimate of Wul , a hypothetical unloading curve was approxi-
mated (cubic interpolation scheme in MATLAB) to begin at 
the end of first major load drop off (the appropriate section 
of the loading selected is also shown in Fig. 1(c) through 
dotted line). The interpolated curve is offset to obtain the 
unloading curve profile as shown in Fig. 1(c). This approxi-
mation assumes that unloading occurs purely elastically and 
the fracture event does not compromise stiffness of the sam-
ples significantly. Finally, the area under that hypothetical 
unloading curve serves as estimates of Wul . Similar estima-
tions were employed previously by other researchers [33, 
34]. Breakdown of critical work, fracture, and recoverable 
strain energies is shown in Fig. 1(c). The fracture energy Wf  
is primarily used in the “Correlation between Fracture and 
Acoustic Emission Energies” section and discussion on the 
assumptions to calculate Wf  is explained there.

Acoustic Emission Monitoring

The fracture events trigger waves (AEs) that propagate 
outwards from the crack surfaces. At each test, the veloci-
ties ( vi ) of actuator motion vact , the AEs on the sample sur-
face vmat , the possible vibrations of the sample holder vsh , 
and the crosshead vch are monitored simultaneously using 

(1)Wf = WT −Wul

a Polytec MPV800 system (Polytec GmbH, Waldbronn, 
Germany). To achieve synchronization between the frac-
ture and acoustic events, data acquisition in the MPV800 
system was triggered at the beginning of the motion of 
the actuator (indenter). The load cell was connected to a 
signal conditioner and its output was also synchronously 
acquired by the data acquisition system of the MPV800. 
Since AEs are rapid events (short time transients), the 
data was acquired at 100 kHz. Cracks under flat-ended 
indenters were expected to nucleate and propagate in the 
vicinity of the indents due to stress concentrations [35]. 
Therefore, proximity of sensing locations to the indent 
locations was essential for detectable AE signal strength. 
The sensing locations on the samples were 1.5 mm and 3 
mm from the edge of the 1.5 mm and 3 mm radii (3 mm 
and 6 mm diameter) indenters, respectively. This ensures 
the same s

r
= 2 ratio for both indenter cases, where s is the 

distance of the sensing location of vmat , from the center of 
the indenter and r is the radius of the indenter. The typical 
wave speeds of gelatin are of the order of 5 m/s (shown 
later in Fig. 5(d)), considering sample radius of 32.5 mm, 
wave frequencies of the order of 50 Hz, the resulting wave 
lengths of the AE suggests we expect standing waves in the 
sample that are localized to the surface. Considering the 
continuous vibration (distributed parameter) system [36], 
the frequencies of the lower modes are expected to be in 
the range of 40–200 Hz. The spatial profile of the stand-
ing waves follows a Bessel function of first kind where the 
peak amplitude occurs near the center boundary condition 
and reaches zero at the fixed boundary condition. For the 
first mode, there will be no nodal circles or nodal diam-
eters. As the mode number increases, we start to observe 
nodal circles and diameters. In soft materials, we typically 
expect the higher vibration modes to quickly attenuate, 
and we mostly observe the lower modes. Therefore, for 
a given mode shape with no risk of nodal point for sens-
ing, the choice of sensing location can alter the velocity 
magnitudes measured but will not influence the correla-
tion powers (acts only as a scalar shift in AE energy). 
For instance, if the sensing location approaches closer 
to the fixed boundary (nodal point for the first vibration 
mode), the velocity magnitude we measure decreases as 
expected. In nanoindentation-induced fracture tests on 
hard materials, the acoustic emission frequencies are 
very high (~MHz) as wave speeds (3–4000 m/s, shown 
later in Fig. 5(d)). Although the resulting wave lengths are 
small (few mm), we also expect standing waves since the 
samples are small as well. One advantage of those stud-
ies overcoming possibility of nodal location at sensing is 
that in nanoindentation-induced cracks, the piezo-based 
AE sensor is embedded in the probe and thus will always 
measure the AE signal reliably. Such a probe configuration 
is challenging for soft materials as the softness require low 
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frequency sensing and currently available piezo-based sen-
sors do not fulfill the requirement.

To mark the sensing locations and enhance laser reflectiv-
ity, titanium dioxide (TiO2) powder (Loud Wolf Industrial 
and Scientific, 44 microns, 99.9% pure) was applied at the 
sensing locations with a 3D-printed mask plate having the 
exact diameter as the petri dish [37]. Hydrogels are transpar-
ent and thus do not reflect the incident laser beam with small 
wavelengths that are used by conventional laser doppler 
vibrometers. Recently, a laser beam with larger wavelengths 
(NIR wavelengths at 1550 nm) has been successfully used 
to study vibration of gelatin disks [38, 39]. The MPV800 
system uses similar wavelengths and thus ensures proper 
reflectivity. Besides, the titanium dioxide marks enhance 
reflectivity and signal strength further. With those enhance-
ments, the noise floor of the MPV800 was measured as 0.1 
mm/s. Thus, both the actuator motion at prescribed loading 
rates (2.5 and 5 mm/s) and maximum typical AE velocities 
(> 3 mm/s) are monitored with high signal-to-noise ratio. 
In addition to the actuator motion, AEs on the sample sur-
face; the motion of the sample holder and crosshead are also 
monitored simultaneously during each test to quantify the 
portion of the AE energy localized on the samples versus 
the portion being transmitted to the neighboring parts. For 
each measurement, corresponding angle between the laser 
beam and the normal vector to the measured surface is used 
to calculate normal components of vibrations.

Figure 2 shows representative time series obtained from 
an indentation-fracture test. In particular, Fig. 2(a) illustrates 
the indentation load zoomed around the first major fracture 
event detectable as a clear load drop off. The corresponding 
load–displacement curve shown in Fig. 1(c) also features that 
clear drop off. Figure 2(b) shows the velocities measured by 
the MPV800 system. The velocities of the sample holder 
vsh and the tester’s crosshead vch are negligible compared to 
the material response vmat . The material response resembles 
a clear burst at the time of fracture followed by decaying 
transient vibrations. The dynamic strains associated to the 
maximum velocities experienced during burst portion are on 
the order of 0.5%. Therefore, linearized dynamic analysis is 
applicable to the experiments. Each indentation-fracture test 
induces both volumetric and deviatoric strains in the gelatin 
samples and thus the sudden release of strain energy due 
to fracture is expected to emit both longitudinal and shear 
waves. Considering that longitudinal wave speed in gelatin 
is close to the speed of sound in water (~1500 m/s [40]), the 
measured range of frequencies correspond to wavelengths 
on the order of 10 m, which is significantly larger than the 
sample diameter (65 mm). Given that the gel is expected to 
stick to the petri dish walls, a fixed boundary condition is a 
good approximation for wave reflections and vibrations. So, 
detecting longitudinal wave reflections and resulting oscil-
lations on the sample surface requires sampling frequencies 

on the order of MHz, which is beyond the current capabili-
ties of the MPV800 system. Thus, in this work the focus is 
on the shear component of the surface waves. A typical AE 
wave form in gelatin samples is shown in Fig. 2(b). The 
AE occurs at the time of load drop off. The AE wave form 
resembles modulated oscillations decaying after the peak 
value is reached.

At each fracture event, some vibrations are measured also 
on the actuator side, vact , shown as the detrended signal, 
vde
act

= vact − 𝛿̇ during the loading cycle in Fig. 2(b). This is 
another evidence that fracture events are localized to the tip 
of the indenter and sudden drop in the load triggers struc-
tural modes of the actuator and controller system (moving 
parts of the setup) as well. The frequency content on the 
actuator side is much lower than the sample vibrations as 
the actuator has an electromagnetic linear motor and an 
active controller that corrects for any external disturbance, 
especially high frequency ones. Therefore, the following 
AE properties will primarily be extracted from the material 
response and the wave perturbations observed on the actua-
tor side are ignored in the further analysis.

The acoustic energy accumulated during each experiment 
is calculated as done elsewhere [41, 42], equation (2).

Fig. 2   a Experimental data of the load profile showing the time of the 
fracture event; b Corresponding acoustic emissions due to fracture 
event; c Cumulative acoustic energy build up due to the fracture event; 
d Inset plots of velocity and acoustic energy build up before fracture
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where i is mat, sh, and ch. For the case of actuator, the 
detrended signal ∫ t

0

(

vde
act

)2
dt is used to compute the energy 

Eact in Fig. 2(c). Several works related to acoustic emission 
due to fracture find the cumulative energy by integrating the 
square of the response of the signal in time [4, 6, 41–43]. In 
the literature, most of the acoustic sensors are contact based 
and work on the principle of piezoelectricity where the sensor 
provides output in the form of voltage for a given mechanical 
strain (in the form of waves). The mentioned works used the 
electrical signal (voltage units) to understand the mechani-
cal phenomena (wave emissions) as the strains and voltage 
are related to each other. The potential and kinetic energy of 
the wave is related to the displacement, velocity, and mate-
rial parameters such as moduli and density [44]. In the cur-
rent work, the velocity of the signal is measured. The kinetic 
energy density of the wave of distributed parameter system at 
a particular location is proportional to 𝜌u̇(l, t)2 . Since, in this 
study one material (gelatin) is considered with concentrations 
in the range of 10% (w/V) to 20% (w/V), the density change 
across this concentration range is negligible (1.02 times, sup-
plementary document of [38]). Therefore, we consider the 
instantaneous acoustic energy or kinetic energy from the sur-
face wave scale as the square of the velocity u̇(l, t)2

[

mm2∕s2
]

 
and once integrated over the total event time, that quantity 
scales with the cumulative acoustic energy 

[

mm2∕s2
]

.
The representative build-up of acoustic energy is shown 

in Fig. 2(c) for all the signals measured from 3 mm diam-
eter indenter and 15% (w/V) concentration case at 2.5 mm/s 
loading rate. The displacement of the testing device is con-
trolled by a PID controller (second order system). Hence, 
when the actuator starts from the rest and reaches a constant 
loading rate, some overshoot and oscillations occur within 
the actuator-indenter system (structural modes). The system 
quickly settles into steady state within 0.1—0.2 s after ini-
tiation of loading. Because of that initial disturbance, the 
cumulative energy from equation (2) shows some acoustic 
buildup which then settles into non-zero value as observed in 
signals of Fig. 2(b). A zoomed in inset plot is also attached as 
Fig. 2(d) showing some of the offset values. In addition, the 
material initially experiences static deformation at the sens-
ing location due to quasistatic indentation which also results 
in some acoustic buildup before fracture. However, the static 
deformation quickly relaxes and therefore before the frac-
ture we observed low velocity magnitude of the material. As 
expected from negligible velocities vsh and vch measured on 
the sample holder and the crosshead, corresponding acous-
tic energies Esh and Ech were close to zero. In contrast, the 
change in the acoustic energy corresponding to the fracture 
event was substantial in the signal measured on the material 
( Emat in Fig. 2(c)). That change was quantified as

(2)Ei = ∫
t

0

v2
i
dt

where ti and tf  are the initial and end times of the fracture 
event. The initial time is chosen when the signal deviates 
from the base level by 15%. The rise time tr is also shown in 
Fig. 2(b) as the time for the signal to reach a peak amplitude 
value from the base noise level and the cumulative acoustic 
energy Emat also increases from the base level in Fig. 2(c). 
The final time is set when the crack arrest happens, and the  
cumulative acoustic energy buildup reaches a constant value.  
From Fig. 2, during the first crack event we observe a sharp 
increase in the cumulative acoustic energy, Mathematically, 
this would indicate a sudden increase in the slope dEmat∕dt 
during the crack event and there is negligible in the acoustic  
energy buildup after that (second decimal change). From 
load displacement plot in Fig. 1(c), we observe multiple  
crack events. So, before the second fracture event the 
dEmat∕dt again starts to increase. After the first sharp 
increase during the first crack event, the acoustic emission 
vibrations settle down to noise level and the slope dEmat∕dt 
almost drops to < 5mm2∕s2 . Considering the ambient noise 
level, the values of the slope vary between 1to5mm2∕s2 when 
the vibrations dampen out. The peak values of slope at the 
crack event are in the range of 400 mm2∕s2 . So, the slope 
values reach to about 0.01 times the peak value after the 
waves settle down. As in this study we are primarily inter-
ested in the acoustic emission at the first crack event, the tf  
can be taken until the slope dEmat∕dt reaches to the above 
mentioned low levels and we also observe the waves damp-
ening out. The total duration of the signal before the rise 
time to the end of the AE event is estimated as Δt = tf − ti 
as shown in Fig. 2(b). In addition, the cumulative energies 
from the sample holder and crosshead are close to zero, con-
firming that they do not have any significant motion dur-
ing the fracture events. As explained for Fig. 2, the fracture 
event leads to rapid buildup of cumulative acoustic energy. 
Based on the counts defined in [11], the number of times a 
signal crosses the noise threshold, the average frequency is 
estimated as favg = Counts∕Δt [45, 46]. Based on the order of 
vibration frequencies of vmat reported in this work (~102Hz) 
and shear wave speeds of gelatin reported as several m/s 
[47], we estimate the wavelengths to range from 15 to 75 
mm, which is comparable to diameter of the samples used 
in the experiments. Therefore, the AEs reported in this work 
primarily consist of shear waves in the form of transverse 
vibrations of the surface. Losses due to viscoelasticity of 
the gelatin samples are responsible after decaying transients 
observed. Due to the low stiffness of hydrogels (< 150 kPa 
modulus), non-contact sensing of wave emissions is essen-
tial in eliminating attachment induced effects such as added 
mass and stiffness of contact-based sensors (accelerometers, 
strain gauges, etc.).

(3)ΔEmat = Emat

(

tf
)

− Emat

(

ti
)
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Analysis of Fracture Properties

For each combination of indenter size (3 and 6 mm), loading 
rate (2.5 and 5 mm/s) for a given concentration, four samples 
were tested. In the current gelatin experiments, the loading 
rates were restricted to 2.5 and 5 mm/s; as the loading rates in 
this range ensure proper synchronization between the acous-
tic sensing system and the mechanical tester. For 10%, 15% 
and 20% (w/V), for the combination of the indenter sizes and 
loading rates, 16 samples each are tested. Fourty six samples 
fractured out of the 48 samples tested and 33 samples are 
retained for analysis. The remaining samples which either did 
not show rapid buildup of the acoustic energy or fractured 
close to the transition between the end of loading cycle and 
relaxation period or which produced acoustic energy at sen-
sor noise level were omitted for further analyses. When the 
selected experimental configurations and sample concentra-
tions are combined, more than an order of magnitude varia-
tion in critical work to fracture WT and fracture energy Wf  is 
obtained (Fig. 3(a)). The concentration of the gelatin material 
investigated were 10%, 15% and 20% (w/V). The strains for 
the first fracture event are in the range of 60 to 80%, similar 
to other fracture studies on gels [32]. The variation in critical 
load for combinations of different concentrations, indenter 
sizes produce a range of total strain and fracture energies 
of the samples. Figure 3(a) shows that the critical strain 
energy WT scales almost linearly with the fracture energy 
Wf  , Wf ∝ W0.95

T
 ( R2 = 0.95 ) and approximately 25% of the 

critical work is fracture energy in gelatin samples. Tymiak 
et al. [42] conducted similar analysis on brittle materials 
and reported Wf ∝ W0.35

T
, Wf ∝ W0.37

T
 and Wf ∝ W0.35

T
 with 

R2 = 0.89, 0.87, 0.85 , respectively for MgO, W and Sapphire.
Representative bright field images of the cracked zone 

are shown in Fig. 3(b) (i) and (ii) for the 3 mm and 6 mm 
indenter cases, respectively. Those images are taken for two 
20% (w/V) samples. India ink was applied on the cracked sur-
face to stain the crack morphology and then was gently wiped 

off. The fractured hydrogel surfaces were then imaged using 
an inverted microscope (IX-71, Olympus, Tokyo, Japan). 
Tilescan images at 10X were used to visualize any additional 
damages other than the site of fracture. The indenter area 
corresponding to 3 mm and 6 mm diameter size is shown 
as dotted circles in Fig. 3(b) (i) and (ii) respectively. The 
cracks possessed a rather complicated geometry evident by 
sporadic and dense distribution of inked islands beneath the 
indented area. Due to instrument’s limitation, the samples 
could not be imaged in the thickness direction and therefore 
the exact crack geometry cannot be obtained. To obtain an 
approximate fracture toughness, we set the crack area to the 
product of indenter perimeter and critical displacement, i.e., 
Acr = �d�C . Similar approximation to crack areas is com-
monly employed in needle insertion experiments (see for 
instance Gokgol et al. [48] studying fracture toughness of 
liver samples via needle insertion). Fracture toughness val-
ues estimated by Wf∕Acr range from 15 J/m2 for 10% (w/V) 
samples to 149 J/m2 for 20% (w/V) samples. Those values are 
in line with the values reported in the literature. For instance, 
Misra et al. [49] conducted needle-insertion tests at 2.5 mm/s 
insertion speed (comparable to our indentation speeds) and 
reported a rupture toughness of 82.28 J/m2 for 15% (w/V) 
porcine gel and 115.40 to 221.04 J/m2 for soft to stiff plas-
tisol gels. Forte et al. [50] conducted wire-cutting tests and 
reported 15 J/m2 for 10% (w/w) gelatin at cutting speeds 
comparable to the indentation rates we used. The fracture 
toughness values for porcine and bovine-based gelatins were 
obtained by puncture tests in [32] ranging from 6 to 40 J/m2 
proportional to the gel concentrations from 10 to 33% (w/V). 
This last set of data, however, was obtained at 5 mm/min, 
so 60 times slower than our indentation speeds. Note that 
Forte et al. [50] showed that apparent fracture toughness val-
ues scale with square root of cutting speeds. They explained 
this rate-dependent toughness with poroelastic effects; i.e., 
water diffusion due to pressure changes in the fracture pro-
cess zone. Assuming similar relation is applicable to punc-
ture (indentation-fracture) tests, we expect a 

√

60 ∼ 7.75 fold 
increase in fracture toughness values reported in [32] when 
puncture speeds approach ours. Such a scaling pushes their 
range to [46.5, 310] J/m2, which is more consistent with what 
we and others observed for similar gels under comparable 
loading rates. Overall, the measured fracture toughness val-
ues are apparent estimates that depend on gel concentration 
and loading rates.

Correlation between Fracture and Acoustic 
Emission Energies

The fracture-induced changes in acoustic energies on the 
material ΔEmat are plotted against corresponding fracture 
energies Wf  and total strain energies WT in Fig. 4(a) and (b). 

Fig. 3   a Relation between the critical work WT and fracture energy Wf 
for gelatin samples; b Representative bright field crack image for the 
(i) 3 mm and (ii) 6 mm indenter cases respectively, the indenter areas 
are shown as dotted circles
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The noise floor of the MPV system is 0.1 mm/s, and thus the 
lowest energy level that can be measured by the MPV 800 
device is around 10−3 mm2∕s for typical signal durations. 
The lowest acoustic energy ΔEmat shown in Fig. 4 is 0.08 
mm2∕s and thus all reported AE energies are orders of mag-
nitude higher than noise floor. Combination of sample con-
centrations and experimental configurations resulted in 
approximately an order of magnitude variation in fracture 
energies. Larger concentrations and indenter sizes produced 
larger fracture energies and resulted in larger acoustic ener-
gies. The measured acoustic energies depend on several 
parameters, such as the amplitude, rise time, time duration 
and the frequency component of the wave. We observed 
close to 40-fold increase in ΔEmat . The change in acoustic 
energy follows a power law (curve-fit) with the fracture 
energy, ΔEmat ∝ W1.02

f
 (R2 = 0.92), where we refer to 1.02 

as the correlation power.
The correlation of acoustic energy with total strain energy 

is also shown in Fig. 4(b). The total strain energy correlates 
with a power of 0.98 with ( R2 = 0.92 ). Both correlations 
are strong and yield similar power laws. Note that the total 

strain energy WT calculations involve no specific assump-
tions while fracture energy estimations assume fully elastic 
unloading curve (offset translation method). Despite being 
used elsewhere on various samples and failure mechanisms 
(Refs. [3, 42]), that assumption will be violated when the 
failure is large and dissipative response of samples cannot 
be neglected. In that regard, correlations of AE energies 
with Wf  and WT correspond to two asymptotic cases: fully 
elastic and fully lossy (poroviscoelastic) material response, 
respectively during hypothetical unloading after the failure. 
Similar correlation analysis are reported for hard materi-
als in the nondestructive testing and evaluation literature as 
summarized in Table 1. Most of the AE studies in Table 1 
measured waves with the acoustic sensors embedded in the 
actuator. In Chen et al. [51] independent sensors are placed 
on the concrete material. Tymiak et al. [33] also attached an 
independent sensor to record the AE in MgO. However, the 

Fig. 4   Correlation between the AE energies and a Fracture energy 
b Total strain energy. In the legend representation, concentration, 
indenter diameter and loading rate are shown in (c %,d mm, δ̇ mm/s)

Table 1   Comparison of correlation powers and type of acoustic emis-
sion sensing between gelatin and various synthetic brittle materials

Material AE detection Correlation 
Powers

R2

Gelatin (Current Work) Independent 1.02 0.92
MgO and W [33] Embedded 1.23 0.95
Sapphire [33] Embedded 1.54 0.95
Si based materials [54] Embedded 1.29 0.68
MgO, Al2O3 and LTCC [55] Embedded 1.63 0.99
Fe-3Si and Ta2N [3] Embedded 2.11 0.95
Concrete, Mortar [4] Embedded 2.20 0.55
Concrete [51] Independent 1.18 0.81

Fig. 5   Wavelet transform of the AE events for a Gelatin 10% (w/V); 
b Mica showing the burst of AE; c Relation between the rise time and 
time duration of the AE signal for gelatin and for hard materials; d 
Relation between the shear wave speed and the rise time
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independent contact sensor resulted in very low signal to 
noise ratio with significantly altered wave forms compared 
to the embedded sensor. Also, the independent sensor only 
had 67% success rate in capturing AE on hard materials 
[33]. Gelatin samples have low stiffness, for such samples, 
non-contact sensors are the only feasible way to accurately 
capture the AE events as demonstrated here.

Correlations as in Fig. 4 between AE source properties 
and received data are broadly studied in geomechanics. 
Specifically, seismograms deliver the received data from 
which information about fault kinematics and kinetics is 
sought after [52]. In that field, certain percentage of elastic 
strain energy released during fault fracture or slip is known 
to radiate seismic waves. Besides, both the released energy 
and far-field displacements due to radiated waves can be 
equivalently related to seismic moments. Analytical correla-
tions between released energy and measured displacements 
require accurate knowledge of dynamic source function, 
Green’s function for the studied material under realistic 
boundary and preload conditions and response transfer func-
tion that converts wave displacements to measured signals 
[53]. In our tests, the MPV800 delivers velocities directly so 
the response transfer function is not needed. Besides, both 
the lateral dimensions and thickness of the gelatin samples 
are comparable to the wavelengths and hence, dynamic 
Green’s function would entail vibration modes of the gela-
tin layers. However, our tests cannot resolve the dynamic 
source function spatially. As shown in Fig. 3(b), the crack 
geometry evolves in an asymmetric way beneath the indenter 
and crack size is comparable to the wavelengths, and thus 
point source assumption would be erroneous. Therefore, an 
analytical solution that links source kinematics and energet-
ics to the measured displacements is not possible. Alternate 
methods to monitor the spatiotemporal evolution of crack 
area experimentally and integrating it into dynamic finite 
element simulations would be necessary to provide that link.

Acoustic Emission Properties

In this section, additional analyses on the measured AE sig-
nal properties are reported. For the AE signal correspond-
ing to a representative gelatin sample, the continuous wave-
let transform was computed using the cwt function of the 
MATLAB signal processing toolbox. More details about the 
cwt command are given in Section S4 of the supplementary 
document. The time resolution of the wavelet for the gelatin 
samples was 10–5 s.

The dominant frequency contours for the softer gelatin 
can be observed around 40 Hz for the given concentration 
in Fig. 5(a). The wavelet transform shows the sudden burst 
of acoustic energy near the fracture event in the form of 
multi frequency components. The wavelets are shown near 

the time where the AE release has occurred due to the frac-
ture event. During the acoustic event the frequencies also 
vary with time. The color bar in Fig. 5(a) represents the 
magnitude of the wavelet, and the units of magnitude for 
Fig. 5(a) are mm/s. The dominant contours vary from 30 
to 250 Hz. The variation of frequency with time depends 
on the parameters such as concentration, loading rates. In 
most of the studies related to AE, the average frequencies 
are usually reported and estimated using counts as explained 
earlier in AE monitoring section. The average frequencies 
based on counts estimation, favg range from 20 to 120 Hz for 
the samples studied.

To compare the AE properties of gelatin with hard materi-
als (mica, quartz and single crystal aluminum; material prop-
erties [56]), we conducted an independent set of nanoinden-
tation-fracture experiments. The details of the nanoindentation 
experiments are given in Section S3 of the supplementary 
document. The data for the nano-indentation experiments are 
acquired at 10 MHz. A representative AE signal from mica is 
shown in Fig. 5(b) (corresponding time series is shown in 
Supplementary Fig.  1(B)). For Fig.  5(b), hard material 
response, the units of wavelet magnitude are related to volt-
age. The hard material acoustic emission responses are 
recorded using piezo based sensor which provides output in 
the form of voltage. The frequency range for the harder mate-
rial sample mica are of the order 106 Hz as shown in Fig. 5(b). 
Quartz (refer Supplementary Fig. 2(A) for wavelet transform) 
and mica are brittle materials and show similar type of local-
ized energy bursts around the fracture event as gelatin sam-
ples. The aluminum shows ductile failure trend (see Supple-
mentary Fig. 2(B) for wavelet transform) where the AEs are 
spread across larger time duration than the brittle materials. 
On a global material moduli scale, the high young’s moduli 
(~GPa) of the hard materials result in AE with larger domi-
nant frequencies (~MHz) and relatively softer brittle gelatin 
material (~kPa) results in lower AE frequencies (~Hz). About 
four orders of magnitude variation in rise time between gelatin 
and hard materials was observed (Fig. 5(c) and (d)). From 
Fig. 5(c), the acoustic events happen faster ( Δt ) in hard mate-
rials faster than the softer materials; In gelatin as well, the rise 
time is proportional to the time duration. From Fig. 5(b), hard 
brittle material releases waves with very high frequency 
(~MHz), so we observe the rise time and duration of the 
micro-seconds. From Fig. 5(a) for the gelatin samples the fre-
quencies are of the order of (~Hz) and Δt , tr are relatively 
higher. The shear wave speed of the materials can be deter-
mined from the moduli value by cS =

√

G∕� where G is the 
shear modulus and � is the density. The shear modulus can be 
determined with a Poisson’s ratio assumption of 0.4 for gelatin 
samples [38]. The relation between the material wave speeds 
and rise time shown in Fig. 5(d), we observe inverse propor-
tionality where the materials with larger shear wave speed 
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have smaller rise time due to high frequency content of the 
shear waves. If one knows the densities of tested materials, 
Fig. 5(d) suggests that the elastic properties of the gelatin such 
as shear modulus can also be linked to AE properties such as 
rise time.

Conclusion

In this article, we developed a correlation between the frac-
ture and acoustic energies in gelatins, motivated by indus-
trial (food, engineering and medical) applications. Hydro-
gels were synthesized with three different concentrations. 
Flat cylinder-based indentation experiments were performed 
on various gel concentrations, loading rates and indenter 
size combinations. The fracture events resulting from the 
indentation experiments emitted surface waves in the soft 
material samples. The shear component of the AE was cap-
tured using a non-contact laser vibrometer with a high sam-
pling frequency. Initially, the fracture properties of all the 
samples are analyzed, and the samples fractured at several 
critical loads depending on the loading conditions. The criti-
cal work to fracture and the fracture energies are observed 
to have a linear relationship in the studied gelatin samples. 
Then, the acoustic energies (equivalent kinetic energy) are 
computed from the velocity signals of the material sensing 
location. The acoustic energy is found to increase with the 
fracture energy with almost linear relationship in the stud-
ied gelatin material. The correlation power from this study 
is also compared with several other published studies on 
harder materials such as concrete, ceramics etc. which had 
slightly higher powers. Several AE properties such as the 
rise-time, time duration and frequency of the gelatin samples 
are obtained and compared with another independent set  
of fracture-induced AE experiments on hard materials like 
mica, quartz, and aluminum. Harder materials have four 
orders of magnitude lower rise time than gelatin samples. 
The current study also demonstrates the importance of using 
non-contact sensors in soft hydrogels (due to their low stiff-
ness) to accurately monitor the AE events. It is important to 
obtain information about fracture properties of the products 
in several clinical and food applications, the conducted study 
forms as a basis of motivation to predict the fracture ener-
gies in soft swollen gelatin-based hydrogels based on the 
acquired AE events.
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