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A B S T R A C T   

The gastric biomechanics influences digestive function as well as a range of topics of medical and scientific 
interests such as interaction between the stomach and gastric devices. Hence, the mechanical properties are 
essential for understanding gastric tissue and function in health and disease, and for the development of diag-
nostic or therapeutic devices. A key characteristic to be characterized is the time dependent mechanical tissue 
properties. The aim of this study was to characterize viscoelastic properties of the stomach across a frequency 
range. Longitudinal and circumferential stomach samples from the porcine fundus, corpus and antrum were pre- 
stretched 10 % and sinusoidally loaded with 10 % dynamic strain. The viscoelastic properties were assessed from 
0.01 − 15 Hz using dynamic mechanical analysis. The storage moduli, loss moduli and tan δ had a significant 
second-order polynomial trend with increasing frequency. For the loss moduli, significant differences were 
observed between 0.01 and 15 Hz and between 0.05 and 15 Hz (p = 0.023 to 0.041). Significant differences were 
not found for storage moduli. Tan δ was frequency-independent, indicating that the two moduli varied pro-
portionally. Fundus had significantly smaller storage moduli for longitudinal samples compared to corpus (p =
0.034) and antrum (p = 0.014) but was not significantly different for circumferential samples. Analysis of 
direction-dependency showed significant differences between longitudinal and circumferential samples (p =
0.002 to 0.042). The presented work provides insight into tensile viscoelastic properties of gastric tissue, which is 
useful for developing biomaterials, devices and computational models for device development specification 
calibrations.   

1. Introduction 

Stomach mechanics is of importance for digestive function as well as 
for engineering and scientific fields including tissue-device interactions 
and stomach pathological conditions. Interaction between devices and 
gastric tissue occurs in therapeutic procedures such as bariatric surgery 
(Carniel et al., 2020, 2017), tumor removals (Bauer et al., 2020), and 
oral drug delivery devices (Abramson et al., 2022a, 2022b,2019; Chen 
et al., 2022). A thorough characterization of mechanical tissue proper-
ties is important for development of medical devices. Furthermore, it 
can aid surgeons in predicting tissue behavior during and after surgery. 
Stomach cancer is a critical disease being the fifth most common cancer 

type (Ferlay et al., 2020). Partial or total gastrectomy is required in 
severe cases, resulting in loss of hormonal and enzyme activity as well as 
reduced capacity, which may give rise to complications and reduced life 
quality (Davis and Ripley, 2017; Maemura et al., 2013). Although 
techniques of enlarging the food reservoir exists, they remain clinically 
controversial (Abdeen and le Roux, 2016; Maemura et al., 2003). 
Development of biomaterials for repair or replacement may be an 
alternative, however, biomaterials must comprise mechanical properties 
similar to the natural stomach (Bitar and Zakhem, 2013; Greish et al., 
2017; Kanetaka and Eguchi, 2020). 

The stomach has three major regions, fundus, corpus and antrum 
(Fig. 1, left) with four main layers from interior to exterior, the mucosa, 
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submucosa, muscularis and serosa. Fundus accommodates during 
ingestion of food, which by phasic peristaltic muscular contractions is 
mixed and grinded in the distal part of the stomach (Rhoades and Bell, 
2022). Elasticity and stresses of the stomach wall can be divided into 
active- and passive components. Contractility of smooth muscle fibers, 
which are oriented in several directions in muscularis is characterized as 
the active component, whereas the passive component is mainly deter-
mined by the elastic fibers in submucosa and muscularis (Bauer et al., 
2020; Brandstaeter et al., 2019). The smooth muscle contractions have 
high impacts on understanding of function and development of bio-
materials thus examined in several studies (Borsdorf et al., 2021; Gilja 
et al., 2005; Klemm et al., 2020; Tomalka et al., 2017). 

The stomach is known to exhibit nonlinear, anisotropic and visco-
elastic properties (Gregersen, 2003; Miftahof, 2017). The anisotropic 
and nonlinear elastic behavior has been examined by quasi-static tests 
on animal or human gastric tissue (Aydin et al., 2017; Bauer et al., 2020; 
Carniel et al., 2020; Egorov et al., 2002; Jia et al., 2015; Rotta et al., 
2019; Toniolo et al., 2022; Yamada, 1970; Zhao et al., 2008, 2005). 
These studies demonstrated that gastric tissue behaves anisotropically, i. 
e. with stiffness dependent on location and direction, and that the time- 
independent elastic behavior can be modelled as hyperelastic. Other 
studies have examined viscoelastic properties by creep and stress 
relaxation tests (Carniel et al., 2020; Jia et al., 2015). Contrary to these 
tests, Dynamic Mechanical Analysis (DMA) is a dynamic method 
examining viscous and elastic characteristics, i.e. the material’s ability 
to store and dissipate energy, at relevant conditions (Barberio et al., 
2019; Lawless et al., 2016; Menard, 2008). DMA on biological tissues, 
such as cartilage, nerves, arteries, and bladder tissue has previously been 
performed, hence considered suitable for the purpose (Barberio et al., 
2019; Barnes et al., 2015; Burton et al., 2017; Fulcher et al., 2009; 
Jokandan et al., 2018; Sadeghi et al., 2015). For gastric tissue, the un-
derstanding of frequency-dependent viscoelastic properties is lacking. 

The aim of the present study was to quantify the uniaxial, tensile, 
dynamic, viscoelastic properties of the fundus, corpus and antrum re-
gions of porcine stomach samples cut longitudinally and circum-
ferentially over a large range of frequencies. Furthermore, comparisons 
of viscoelastic properties of storage moduli, loss moduli, and tan δ, for 
three different frequencies in the three regions and across the two di-
rections were done. 

2. Materials and methods 

2.1. Specimens 

Three porcine stomachs from 3-month-old pigs weighing 80 kg were 
collected from a slaughterhouse (Horsens, Denmark). Immediately after 
harvesting, stomachs were cleansed and kept at ~ 5 ◦C until delivered to 
the laboratory (one hour). Prior to sample preparation, stomachs were 
measured as illustrated in Fig. 1, left. The mean size of the stomachs 
were 257 ± 15 mm in length and 157 ± 6 mm in width. After opening 
the stomachs paramedian to the greater curvature, three regions, 
fundus, corpus, and antrum, were defined based on differences in color 
and tissue structure. Two longitudinal and two circumferential samples 
were cut from each region (Fig. 1, right) (n = 6 for each region and 
sample direction). Sample width and thickness were measured using a 
Vernier caliper. The width was 6.9 ± 0.9 mm and thicknesses were 4.5 
± 0.6 mm, 4.8 ± 0.2 mm, and 5.5 ± 0.4 mm for fundus, corpus and 
antrum, respectively (mean and standard deviation). The sample gauge 
length was 30 mm (Fig. 2). All tests were performed within 12 h of 
animal sacrifice. 

2.2. Dynamic mechanical analysis 

During tests, a sinusoidal oscillation is applied to the samples as 
described by Eq. (1). 

σ = σ0 • sin(ωt) (1) 

where σ is stress at time t, σ0 is maximum stress, ω is the oscillation 
frequency and t is time. 

The resulting strain wave also follow an oscillatory behavior, and in 
case of viscoelastic materials, strain is angled by a shift in phase angle, δ. 
Thus, strain is defined by Eq. (2) as: 

ε(t) = ε0 • sin(ωt + δ) (2) 

where ε(t) is strain at any time t, ε0 is strain at maximum stress, and δ 
is phase angle. 

By trigonometry, Eq. (2) can be rewritten to Eq. (3) and be divided 
into an in-phase and out-of-phase strain (Eq. (4) and Eq. (5)): 

ε(t) = ε0 • [sin(ωt) • cos(δ)+ cos(ωt) • sin(δ) ] (3)  

ε′

= ε0 • sin(δ) (4)  

Fig. 1. Photos of a porcine stomach. The coordinate system illustrates longitudinal and circumferential directions. Scale bar: 50 mm. Left) Outer view and mea-
surements, Length, L, and width, W. Right) Interior view opened along the greater curvature. Left side is longitudinal samples and right side is circumferential 
samples, from both sides, two samples were cut from fundus, corpus and antrum. 
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ε′′ = ε0 • cos(δ) (5) 

The vector sum of these two components, ε’ and ε’’, gives the com-
plex strain on the sample (Eq. (6)): 

ε* = ε′

+ iε′′ (6) 

Based on this concept, sample properties are calculated by the ratio 
between the magnitude of the stress to the magnitude of the strain as 
well as the phase angle, δ (Menard, 2008). 

2.3. Mechanical testing 

A BOSE ElectroForce® 3220 with a 225 N load cell (±0.002 N), a 
displacement sensor (±0.001 mm) and tensile fixtures with a rough 
surface was used. The system was running WinTest7 and DMA software 
(Bose Corporation, ElectroForce Systems Group, Minnesota, USA). 

The softwares used readings from the load cell and displacement 
sensor to calculate the complex stiffness, k*, (i.e. the ratio of the 
magnitude of force to the magnitude of displacement) as well as the 
phase angle, δ by performing a Fourier analysis. From these measure-
ments, storage (E’) and loss (E’’) moduli, can be derived by Eq. (7) and 
Eq. (8), where the stiffness is normalized for shape using a shape factor, 
S, dependent on the sample geometry tested (Menard, 2008),: 

E′

=
k* • cos(δ)

S
(7)  

E′′ =
k* • sin(δ)

S
(8) 

Rectangular samples were used and the shape factor, S, was deter-
mined as Eq. (9): 

S =
width • thickness

length
(9) 

Tan δ is an indicator of how efficiently the material loses energy to 
molecular rearrangements and internal friction. It is defined by storage 

to loss moduli ratio (Eq. (10)) (Menard, 2008): 

tanδ =
E′′

E′
(10) 

Samples were held in either end by fixtures, which were fastened to 
the base and actuator of the test bench. The samples were mounted in an 
unloaded state but without slack. The fixtures were fastened enough to 
keep in place but without compressing the tissue (Fig. 2). This method is 
similar to that used in other studies (Barnes et al., 2015; Burton et al., 
2017; Wilcox et al., 2014). 

Individual sample dimensions were entered in the software allowing 
for inclusions of shape factor automatically. 

Tests were performed at ambient temperature of 23 ◦C and samples 
were kept moisturized with Krebs-ringer’s solution periodically during 
testing. This mimicked procedures in other studies (Barnes et al., 2015; 
Burton et al., 2017; Öhman et al., 2009; Wilcox et al., 2014), and was 
done to avoid drying or swelling of the samples. 

The samples were subjected to 20 precycling counts of 10 % strain at 
10 Hz to ensure a repeatable behavior (Fung, 1993; Gregersen, 2003; 
Zhao et al., 2008). Next, samples were stretched to a mean level of 3 mm 
(10 % strain) and exposed to sinusoidal oscillations between 1.5 mm and 
4.5 mm (dynamic amplitude of 10 % strain). The experiment was per-
formed at 11 frequencies of 0.01, 0.02, 0.05, 0.10, 0.25, 0.50, 1, 2, 5, 10 
and 15 Hz, i.e., covering three orders of magnitude. For each sample, the 
sequence of frequencies was tested continuously without breaks (~35 
min) and was randomized to avoid influence of changes in properties 
over time. 

Small frequencies were chosen in accordance with movements 
within the human abdomen comprising frequencies originating from 
bowel motion (~3–12 per minute), respiration (~16–25 per minute), 
and cardiac activity (~60–100 per minute) (de Jonge et al., 2020). High 
frequencies were chosen with the intent to simulate potential fre-
quencies occurring during tissue-device interactions, e.g., for oral de-
vices designed to inject medicine into the stomach wall at velocities up 
to 20 m/s (Abramson et al., 2022b, 2019) or at trauma situations such as 
seat belt injuries on the abdomen with a penetration speed up to 13.3 m/ 
s (Foster et al., 2006). 

2.4. Data analysis and statistics 

Data was expressed as mean ± standard deviation (SD) and statisti-
cal data analysis was performed using MATLAB R2020b (MathWorks, 
Inc.). Differences among frequencies (0.01, 0.5 and 15 Hz), regions, and 
directions were assessed using a three-way ANOVA and Tukey’s com-
parisons procedure. P-values < 0.05 were considered significant. 

Regression analysis evaluated the frequency-dependent viscoelastic 
behavior. A second-order polynomial (Eq. (11), Eq. (12) and Eq. (13).) 
fitted the data and was evaluated in terms of significance of the curve fit 
(p-values < 0.05) and goodness of fit (R2). 

E′

(f ) = p1,S • f 2 + p2,S • f + p3,S (11)  

E′′(f ) = p1,L • f 2 + p2,L • f + p3,L (12)  

tanδ(f ) = p1,t • f 2 + p2,t • f + p3,t (13) 

where f is frequency, p1S, p2S, and p3S are storage polynomial co-
efficients, p1L, p2L, and p3L are loss polynomial coefficients and p1t, p2t, 
and p3t are tan δ polynomial coefficients. 

3. Results 

An example of raw data (elapsed time, load and displacement) is 
provided for one sample (circumferential intact antrum) in Supple-
mental data for 0.01, 0.5 and 15 Hz (S-4). 

The storage moduli, loss moduli and tan δ for fundus, corpus and 
antrum samples are provided in Supplemental data (S-1 to S-3). The data 

Fig. 2. The specimen setup between fixtures in the BOSE ElectroForce 3220 test 
bench. The gauge length, Lgauge is 30 mm. In this figure, an intact longitudinal 
oriented corpus sample is illustrated. 
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are plotted in Fig. 3 as a function of frequency. The storage moduli 
varied from 20.48 to 83.31 kPa, loss moduli from 4.39 to 17 kPa, and tan 
δ from 0.11 to 0.31 rad. 

Within 0.01 to 15 Hz, data fitted well to a second-order polynomial 
(either combined decreasing- and increasing concave up or increasing 
concave up). Curve fits showed strong R2 values and had p-values <
0.05. The regression coefficients, R2 values, and p-values are listed in 
Table 1. 

3.1. Frequency dependency 

The storage moduli, loss moduli, and tan δ at 0.01, 0.5 and 15 Hz are 
plotted in Fig. 4 for the three regions and two directions. 

The storage moduli and tan δ were frequency-independent, i.e. no 
significant differences was observed between any frequencies (p > 0.05; 
Table 2). The loss moduli significantly differed between 0.01 Hz and 15 
Hz for fundus (longitudinal and circumferential direction) and corpus 
(longitudinal direction) as well as between 0.5 Hz and 15 Hz for fundus, 
corpus and antrum (longitudinal direction) (p < 0.05; Table 2). 

3.2. Regional dependency 

The storage moduli, loss moduli, and tan δ for fundus, corpus, and 
antrum for the three frequencies and two directions are plotted in Fig. 5. 

Significant differences were observed for the storage moduli between 
fundus and corpus as well as between fundus and antrum for 0.01 Hz 
longitudinal direction. Tan δ significantly differed between fundus and 
corpus in both directions as well as between fundus and antrum in 
longitudinal direction (p < 0.05; Table 2). No statistical significance was 
found for loss moduli and hence considered region-independent (p >
0.05; Table 2). 

3.3. Direction dependency 

The storage moduli, loss moduli, and tan δ for the two directions, 
longitudinal and circumferential, for the three regions and three fre-
quencies are plotted in Fig. 6. 

The difference between the two directions, for the storage moduli, 
was significant for corpus samples at 0.01 Hz and for antrum samples at 
all thee frequencies (p < 0.05; Table 2). For loss moduli, no significant 
differences was observed (p > 0.05; Table 2), besides at 15 Hz for corpus 
sample, where a p-value was found to be p = 0.033. Tan δ differed 
significantly for all three regions at 0.01 Hz and for antrum samples also 
for 0.5 Hz and 15 Hz (p < 0.05; Table 2). 

4. Discussion 

DMA is the only test that can evaluate elasticity and viscosity 
simultaneously, which is important for unraveling viscoelastic proper-
ties, as no material is perfectly elastic or viscous. A static method can be 
used to determine yielding strain/stress and linear stress–strain 
response, but is not able to unravel the complex modulus (Patra et al., 
2020; Zhang et al., 2017). DMA can assess viscoelastic properties 
quantitatively (Baxter et al., 2017), and is considered an adequate 
technique, because it allows testing conditions that simulate physio-
logical and physical environments (Mano, 2008; Pereira et al., 2014). 
Quasi-static experiments are performed either at low strain rates (ramp 
tests) or over a longer period (creep or relaxation tests), but DMA allows 
investigation of the instantaneous material response (Sadeghi et al., 
2015). 

4.1. Findings 

This is the first gastric DMA study, thus, no literature is available for 
comparison. Instead result are compared with gastric quasi-static tests or 
DMA on other tissues. Discrepancies between results may be influenced 

Fig. 3. Plots of average storage moduli (kPa), loss moduli (kPa), and tan δ (rad) - Frequency (Hz) relationships for longitudinal (blue) and circumferential (red) 
samples from fundus, corpus and antrum. The x-axis is in logarithmic scale. Error bars represent standard deviations (n = 6). 
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by differences in protocols and tissues. 
The stomach showed viscoelastic behavior throughout all fre-

quencies revealed by tan δ ranging 0.11–0.31 rad. Storage moduli were 
larger than loss moduli, showing that stomach tissue was more elastic 
than viscous in its behavior. Similar observations were found in other 
DMA studies (e.g. Barberio et al., 2019; Barnes et al., 2015; Burton et al., 
2017; Estermann et al., 2020; Fulcher et al., 2009; Jokandan et al., 2018; 
Oskui and Hashemi, 2016). 

4.2. Frequency dependency 

Storage and loss moduli for all regions and directions followed an 
empirical second-order polynomial frequency trend, combined 
decreasing- and increasing concave up or increasing concave up. The 
parabolic shift in dependencies (from a stiff and viscous material at 0.01 
Hz to a softer and less viscous material at 0.5 Hz, to a stiff and more 
viscous material again at 15 Hz), may be a result of three different 
mechanisms happening. These mechanical responses are reflecting 
microstructure and internal interactions at various frequencies. 

Table 1 
(regression parameters and regression p-values).    

Longitudinal direction  Circumferential direction    
p1 p2 p3 R2 p-value p1 p2 p3 R2 p-value 

Storage Fundus  1.76  8.23  32.43 1 0  2.37  10.48  31.95 1 0* 
Corpus  7.33  8.55  58.41 0.92 0  2.33  11.08  33.72 1 0* 
Antrum  7.88  7.73  63.49 0.95 0  2.43  4.82  27.05 1 0* 

Loss Fundus  1.02  2.95  8.17 0.99 0  1.20  3.46  8.58 0.99 0* 
Corpus  1.86  3.42  9.32 0.94 0  0.74  2.53  6.61 0.99 0* 
Antrum  1.48  2.44  8.42 0.94 0  1.16  1.54  5.66 0.97 0* 

Tan δ Fundus  0.02  0.02  0.25 0.95 0  0.02  0.01  0.27 0.64 0.02* 
Corpus  0.01  0.03  0.15 0.92 0  0.01  0.01  0.20 0.61 0.02* 
Antrum  0.01  0.02  0.13 0.91 0  0.02  0.02  0.23 0.85 0*  

Fig. 4. Curve plots illustrating the frequency dependency for storage moduli (kPa), loss moduli (kPa) and tan δ (rad) at 0.01 Hz (blue), 0.5 Hz (black) and 15 Hz (red) 
for averaged values of fundus, corpus and antrum specimens. The left column represents longitudinal samples and the right column represents circumferential 
samples. Error bars represent standard deviations (n = 6). For significant differences, see table 2. 
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However, exactly which reorganizations causes this tendency is un-
known at this point and will be of interest for further investigations. 
DMA studies on other soft tissue found other mechanical behaviors 
compared to the current study. For example, linear behavior for coro-
nary arteries (Burton et al., 2017), logarithmic or second-order poly-
nomial behavior for ulnar nerve and bladder (Barberio et al., 2019; 
Barnes et al., 2015), power behavior for mitral valve tendons (Wilcox 
et al., 2014) or exponential behavior for periodontal ligament (Wu et al., 
2019) were observed. 

The storage moduli for all regions and directions were frequency- 
independent whereas loss moduli had significant differences between 
frequencies (p < 0.05). As frequency increased, the ability to store en-
ergy used for elastic recoil was unchanged, whereas the amount of 
dissipated energy significantly increased. Tan δ was frequency- 
independent (p > 0.05), which indicated that storage moduli and loss 
moduli varied proportionally. In contrast to the current study, Burton 
and co-authors examining coronary arteries, found that storage moduli 
at 1 Hz were significantly higher than at 10 Hz (p < 0.05) (Burton et al., 
2017). Furthermore, Wilcox et.al. investigating mitral valve tendons 
found, that the storage moduli at the higher frequency (4.89 Hz) were 
significantly higher than those at the lower frequency (0.49 Hz) (Wilcox 
et al., 2014). Contrary to our findings, both of these studies found loss 
moduli to be frequency-independent. 

4.3. Regional dependency 

In longitudinal direction, the storage moduli for corpus and antrum 
were almost similar and greater than for fundus. Significant differences 
were found between fundus and corpus as well as between fundus and 
antrum (p < 0.05). In the circumferential direction, however, all three 
regions had moduli close to each other and did not differ. Zhao et.al. 
examined porcine samples by uniaxial ramp tests and also found that 

fundus samples were the softest based on the slope of their stress–strain 
curves. Contrary to the present study, they found significant differences 
between all three regions, with the corpus being the stiffest (Zhao et al., 
2008). Bauer et.al. and Aydin et.al., performed biaxial tests on porcine 
stomach. Results from both studies are consistent with our findings in 
the longitudinal direction, whereas in the circumferential direction, 
Bauer et.al. found antrum to be stiffest and corpus softest. Aydin et.al. 
found corpus to be stiffest and fundus softest (Aydin et al., 2017; Bauer 
et al., 2020). Carniel and co-authors performed stepwise relaxation test 
on bariatric human samples from fundus and corpus to determine the 
stiffness and compliance from equilibrium stress–strain curves and the 
relaxation behavior from stress-time curves (Carniel et al., 2020). They 
found that samples from corpus had higher stiffness and samples from 
fundus appeared more compliant in the longitudinal direction. 
Furthermore, the stiffness in the circumferential direction did not show 
significant differences for the two regions. This is in agreement with the 
results in our study for the storage moduli. Moreover, they found that 
the stress relaxation behavior of the tissues were independent of the 
region, in accordance with the present findings of loss moduli region- 
independency (Carniel et al., 2020). In contrast, we found that tan δ 
significantly differed between fundus and corpus as well as between 
fundus and antrum. This may be a result of the significant difference in 
storage moduli. 

The stomach wall has layers of longitudinal- and circumferential 
muscle fibers in fundus, whereas circumferential muscle fiber layers are 
predominant in corpus and antrum (e.g. Bauer et al., 2020). The phe-
nomenon of fundus having the lowest stiffness despite having fibers in 
both directions may seem contradictory with respect to classical fiber 
composites. However, it is consistent with the physiological functions of 
fundus exhibiting accommodation during filling. Accommodation of 
ingested food occurs in the fundus, whereas bolus transport develops in 
the corpus and the antrum (Rhoades and Bell, 2022). That is, when the 

Table 2 
(p-values from three-way ANOVA).   

Longitudinal direction  
0.01 vs 0.5 Hz  0.01 vs 15 Hz  0.5 vs 15 Hz  
Storage Loss Tan δ  Storage Loss Tan δ  Storage Loss Tan δ 

Fundus 1 1 0.995  0.491  0.023*  0.532   0.451  0.031*  0.253 
Corpus 0.772 1 0.896  0.954  0.041*  0.072   0.303  0.028  0.212 
Antrum 0.377 0.513 1  1  0.406  0.179   0.540  0.068  0.205   

Circumferential direction  
0.01 vs 0.5 Hz  0.01 vs 15 Hz  0.5 vs 15 Hz  
Storage Loss Tan δ  Storage Loss Tan δ  Storage Loss Tan δ 

Fundus 0.607 0.936  0.070   0.107  0.038*  0.208   0.569  0.088  0.884 
Corpus 1 1  0.427   0.263  0.074  0.996   0.388  0.077  0.796 
Antrum 1 0.830  0.153   0.885  0.783  0.612   0.671  0.227  0.776   

Longitudinal direction  
Fundus vs corpus  Fundus vs antrum  Antrum vs corpus  
Storage Loss Tan δ  Storage Loss Tan δ  Storage Loss Tan δ 

0.01 Hz  0.034*  0.178  0.007*   0.014* 0.151  0.005*  0.809 1 1 
0.5 Hz  0.099  0.488  0.020*   0.061 0.994  0.008*  1 0.885 0.696 
15 Hz  0.070  0.420  0.023*   0.071 1  0.009*  1 0.324 0.716   

Circumferential direction  
Fundus vs corpus  Fundus vs antrum  Antrum vs corpus  
Storage Loss Tan δ  Storage Loss Tan δ  Storage Loss Tan δ 

0.01 Hz 0.977  0.838  0.013*   0.899 1  0.237  1 0.666  0.089 
0.5 Hz 1  0.343  0.048*   0.965 0.438  0.567  1 1  0.234 
15 Hz 1  0.400  0.055*   0.907 0.160  0.684  0.922 0.973  0.226   

0.01 Hz 0.5 Hz 15 Hz  
Circumferential 
vs Longitudinal 

Circumferential 
vs Longitudinal 

Circumferential 
vs Longitudinal  

Storage Loss Tan δ Storage Loss Tan δ Storage Loss Tan δ 

Fundus  0.871 1  0.042*  0.994  0.914  0.933 1 1 1 
Corpus  0.021* 0.060  0.017*  0.093  0.104  0.311 0.074 0.033* 0.983 
Antrum  0.010* 0.255  0.002*  0.036*  0.485  0.009* 0.030* 0.117 0.023*  
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stomach is filled, the fundus expands circumferentially (i.e. gastric ac-
commodation), which occurs without a significant increase in stress 
response. The stomach wall may thus be more flexible parallel to fiber 
directions rather than perpendicular to the fibers (Bauer et al., 2020). 

4.4. Direction dependency 

The longitudinal corpus and antrum samples had greater storage 
moduli compared to the circumferential samples, whereas fundus sam-
ples had no distinction between storage moduli in the two directions. 
Bauer and co-authors, published data consistent with our findings 
(Bauer et al., 2020). Multiple other studies examining porcine or human 
gastric tissue have, in contrast to the present study, found that longi-
tudinal samples were stiffer in all regions (Egorov et al., 2002; Jia et al., 
2015; Rotta et al., 2019; Zhao et al., 2008, 2005), and finally, findings by 
Carniel and co-authors showed that corpus were stiffer the longitudinal 
direction, whereas in the circumferential direction fundus showed 
higher stiffness (Carniel et al., 2020). 

Loss moduli were found direction-independent, consistent with 
finding by Carniel and co-authors, whom concluded that stress relaxa-
tion was direction-independent. In contrast, tan δ were significantly 
greater in circumferential samples for all regions and frequencies, which 
may be a result of the differences in storage moduli. 

4.5. Limitations 

Porcine tissue was adopted for the mechanical experiments based on 
previous findings that porcine stomach is structurally and functionally 
similar to the human stomach (Jia et al., 2015; Kararli, 1995). Despite 
anatomical similarities, it still remains unclear whether a porcine model 
can substitute human tissue in regard of mechanical properties. Hence, 
data described in the present paper only reflect porcine stomach 
behavior. Extrapolation to other species should be done with caution. 
Yet, it is assumed that data is contributing to the understanding of 
gastric behavior in general and that it is a solid starting point for further 
research. 

For a full description of gastric biomechanical properties, under-
standing of the active behavior as well as the passive uniaxial, biaxial 
and even triaxial behaviors is required. The current study is the first to 
determine DMA properties of gastric tissue. Hence, this work was 
restricted to the simplest mechanical test, namely uniaxial testing. This 
was chosen to make it easier to compare with other tissue DMA studies, 
which primarily were done as uniaxial tension tests. For further 
research, it will be of interest to extend the protocol to more complex 
setups. 

When performing DMA, it is required to stay within the linear region 
of the material (Menard, 2008). Thus, strain in this study was kept at 10 
% strain. The stomach is physiologically stretched up to 160 % 
(Brandstaeter et al., 2019), and the optimal fundus sample stretch, at 

Fig. 5. Curve plots illustrating the regional dependency for storage moduli (kPa), loss moduli (kPa) and tan δ (rad) for averaged values of fundus (blue), corpus 
(black), and antrum (red) specimens at 0.01 Hz, 0.5 Hz, and 15 Hz. The left column represents longitudinal samples and the right column represents circumferential 
samples. Error bars represent standard deviations (n = 6). For significant differences, see table 2. 

F. Sif Julie et al.                                                                                                                                                                                                                                 



Journal of Biomechanics 143 (2022) 111302

8

which the maximum force is generated, has been found to be 2.7 times 
slack length (Borsdorf et al., 2021). This is significantly greater elon-
gations than applied in this study, which may have the consequence that 
the muscle layers do not generate any active force. For future studies, 
theory of large amplitude oscillations may be of interest (Dessi et al., 
2017; Tan et al., 2013). 

Sample hydration were maintained by moisturizing during testing. 
Alternative procedures are air testing or in a liquid filled chamber. We 
had concerns that if samples were not kept hydrated, it would alter the 
storage moduli measurements, whereas a chamber would result in 
viscous damping during motion, which might alter loss moduli and tan δ 
measurements. 

Preconditioning was applied to ensure repeatable behavior. A 
drawback from this procedure is that in case of a single interaction be-
tween a medical device and the stomach wall, the tissue is not in a 
preconditioned condition. 

The variability within measured parameters may be due to differ-
ences among pigs, such as regional and anatomical variability. This is 
expected when dealing with biologic samples (Pereira et al., 2014). One 
of the drawbacks from tissue-level tests is that the microstructure is 
interrupted during preparation of samples. Variability within measured 
parameters and modified tissue response could also be caused hereof 

(Toniolo et al., 2022). However, we did efforts to prevent end effects due 
to cutting of tissue. 

A digital Vernier caliper was used to measure width and thickness. 
Due to the soft tissue this method may result in underestimation of 
measurements. Furthermore, measurements were performed in slacked 
condition, which is different from when samples are mounted between 
fixtures. Since moduli are dependent on geometric effects, inaccurate 
measurements may affect results. However, we treated all samples the 
same way and any error would be reflected in all samples. 

Test fixtures may result in tissue deformation resulting in unphy-
siological properties near the fixtures. Thus, deformation is often 
measured as the distance between optical markers in the middle of the 
sample. We believe that at the small strains applied in our study, the 
BOSE displacement sensor is accurate for the purpose. Further, this 
BOSE equipment was used in other DMA studies on soft tissue with the 
same approach (Barberio et al., 2019; Barnes et al., 2015; Burton et al., 
2017; Wilcox et al., 2014). 

The full stomach wall thickness was examined in the current study, 
whereas characteristics of individual layers were not studied. Therefore, 
the parameters reflect the properties of the combined layers, which may 
have implications on future in silico models on the intact wall. The 
layered stomach wall has been investigated in previous studies, where 

Fig. 6. Curve plots illustrating the direction dependency for storage moduli (kPa), loss moduli (kPa) and tan δ (rad)) for averaged values of samples in longitudinal 
(blue) and circumferential (red) direction in fundus, corpus and antrum. The left column represents 0.01 Hz, the middle column represents 0.5 Hz, and the right 
column represents 15 Hz. Error bars represent standard deviations (n = 6). For significant differences, see table 2. 
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mucosa-submucosa and serosa-muscularis layers were tested. They 
found that mucosa-submucosa was stiffer than the serosa-muscularis 
and intact layers (Jia et al., 2015; Zhao et al., 2008). 

5. Conclusions and perspectives 

This study included a frequency range from very small to large fre-
quencies, three regions and two directions providing a comprehensive 
set of dynamic mechanical properties useful for constitutive models. 
This study provided new knowledge of gastric mechanical properties, 
characterizing the tissue as a viscoelastic material with frequency, re-
gion and direction-dependent tendencies for moduli and tan δ. 
Furthermore, the study indicated that a predominant variation in 
properties can be expected, which future device concept specification 
must comprehend. Applications of the stomach viscoelastic properties 
include diagnosis of stomach diseases, development of tissue engineered 
tissues, devices, and computational simulations. 
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