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Abstract
Purpose  Prior studies have indicated an impact of cardiac muscle viscoelasticity on systolic and diastolic functions. How-
ever, the studies of ventricular free wall viscoelasticity, particularly for that of right ventricles (RV), are limited. Moreover, 
investigations on ventricular passive viscoelasticity have been restricted to large animals and there is a lack of data on rodent 
species. To fill this knowledge gap, this study aims to develop a biaxial tester that induces high-speed physiological deforma-
tions to characterize the passive viscoelasticity of rat RVs.
Methods  The biaxial testing system was fabricated so that planar deformation of rat ventricle tissues at physiological strain 
rates was possible. The testing system was validated using isotropic polydimethylsiloxane (PDMS) sheets. Next, viscoelastic 
measurements were performed in healthy rat RV free walls by equibiaxial cyclic sinusoidal loadings and stress relaxation.
Results  The biaxial tester’s consistency, accuracy, and stability was confirmed from the PDMS samples measurements. 
Moreover, significant viscoelastic alterations of the RV were found between sub-physiological (0.1 Hz) and physiological 
frequencies (1–8 Hz). From hysteresis loop analysis, we found as the frequency increased, the elasticity and viscosity were 
increased in both directions. Interestingly, the ratio of storage energy to dissipated energy (Wd/Ws) remained constant at 
0.1–5 Hz. We did not observe marked differences in healthy RV viscoelasticity between longitudinal and circumferential 
directions.
Conclusion  This work provides a new experimental tool to quantify the passive, biaxial viscoelasticity of ventricle free walls 
in both small and large animals. The dynamic mechanical tests showed frequency-dependent elastic and viscous behaviors 
of healthy rat RVs. But the ratio of dissipated energy to stored energy was maintained between frequencies. These findings 
offer novel baseline information on the passive viscoelasticity of healthy RVs in adult rats.
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Introduction

Heart failure (HF) results from structural or functional 
impairment of ventricular filling or ejection of blood [1]. 
Data from 2012 to 2016 shows an estimated 6.2 million 
Americans above 20 years old have HF [2]. The importance 
of both left and right ventricle (LV and RV) function has 
been recognized in HF [3–5]. It is known that the mechani-
cal behavior of ventricular tissues contributes to the dias-
tolic function and the tissue biomechanics change during 
HF development. Moreover, prior research of myocardial 
viscoelasticity using cardiomyocytes (CM) or papillary 
muscles has shown an influence of cellular viscoelasticity 
on myocardial contractile function [5–8]. However, inves-
tigations of ventricular free wall viscoelasticity are few and 
restricted to large animals, and there is no report on rodent 
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ventricular viscoelasticity using the common mechanical 
testing methods.

Historically, there has been a lack of experimental evi-
dence that ventricular free wall exhibits significant hyster-
esis during cyclic deformation [9], and the field of cardiac 
tissue biomechanics has focused on the hyperelastic behav-
ior of the complex microstructure of the tissue. Recently, 
more evidence of viscoelasticity is reported for both the LV 
and RV with a marked viscoelastic behavior. These studies 
include ex vivo tissue mechanical tests on adult porcine LV 
[10], adult human LV and RV [11], neonatal porcine LV 
and RV [12], as well as adult ovine LV and RV from our 
group [13]. Nevertheless, there is little viscoelastic meas-
urement in rodent ventricles using the well-established ex 
vivo mechanical testing techniques (i.e., uniaxial, biaxial or 
triaxial tensile/compression tests or shear tests) [3]. Because 
rodents are the most frequently used species for preclinical 
cardiac research [4, 14], the knowledge of ventricular tissue 
viscoelasticity from rodents needs to be established.

Viscoelasticity is time-dependent, meaning that the 
mechanical behavior depends on the rate at which a mate-
rial is deformed. Since the heart deforms nonlinearly and at 
varying heart rates for different species, the characteriza-
tion of ventricular viscoelasticity in non-linear motion and 
at cardiac cycle-like stretch rates of the species is required 
to invoke physiologically relevant information. We reviewed 
the current biaxial testers reported in the literature of ven-
tricular mechanical studies, with the specifics of these com-
mercial or in-house built testers listed in Table 1. Among 
these ex vivo studies, the heart samples (LV and/or RV) 
were typically biaxially stretched at a stretch rate of 0.1 to 
0.75 mm/s [12, 15–17] for loading/unloading stress-strain 
curve measurement or at set frequencies of 0.01–0.5 Hz 
[11, 18, 19] for cyclic mechanical tests. All these tests were 
performed at sub-physiological deformation rates even for 
large animal species (heart rate ~ 1 Hz). In some studies in 
heart valves, higher stretch rates have been applied to the 
sample using a commercial biaxial testing system (Electro-
Force®) [20, 21]. However, only the elastic behavior was 
investigated from the ‘J’-shaped stress-strain curve, and it 
remains unclear if the synchronous acquisition of the force 
and image data is ensured.

To obtain the viscoelastic property of rodent heart tissues 
in physiological states, it would require a much faster defor-
mation of the sample. That is, assuming the average heart 
rate of 250–500 bpm for rats [22, 23] and the physiological 
strain at end-diastole of 15–20%, the biaxial tensile tester 
should generate ~ 5–8 Hz of cyclic stretch or a strain rate 
of ~ 100-160% per second. Assuming a sample size of 10×10 
mm2, this would require a stretch rate of ≥ 100 mm/s and 
sufficient data sampling rates of ≥ 80 Hz. Additionally, the 
force sensor should have a relevantly small working range 
considering the small loads exerted by the rodent tissue 

[24–27]. After a close examination of all existing biaxial 
testers in Table 1 and the availability of the commercial 
parts used in these systems, none of them can achieve the 
required specifications as stated above. Moreover, most of 
the custom systems conducted linear deformation in cyclic 
loadings and the nonlinear physiological conditions were 
not replicated. Therefore, a new biaxial tester is needed to 
induce nonlinear (sinusoidal) cyclic deformation at the heart 
rates of rodents to capture the tissue’s viscoelastic behavior 
under physiological loadings.

The aim of this research is to establish a biaxial testing 
system for rat RV viscoelasticity measurement via non-linear 
cyclic deformation of ventricle samples across physiologi-
cal heart rates. Such a testing system will offer valuable 
information of the ventricular viscoelasticity for rodents, 
which are commonly used species in preclinical models of 
cardiac research. Relevant to the present study, this tester 
will enable the characterization of RV passive viscoelasticity 
under physiological conditions (e.g., resting or acute stress) 
and provide novel knowledge of the anisotropic, viscoelastic 
behavior of healthy rat RVs.

Materials and Methods

Biaxial Tester Design and Construction

A block diagram of the components involved in the biaxial 
testing system is shown in Fig. 1. To reach the desired physi-
ological deformations, we firstly determined the required 
specifications for the actuators, load cells, and camera of the 
testing system. The maximal required velocity of the actua-
tors is 62.8 mm/s (assuming a sample size of 10×10 mm2 at 
the maximum stretch of 25% and cycle frequency of 8 Hz for 
rat heart tissues). For load cells, because the reported peak 
stress of rodent RVs does not exceed 50 kPa [24–27]in both 
healthy and diseased states, a sensor with the maximal force 
within 25 N would be sufficient. For image acquisition, it is 
reasonable to achieve 20–40 frames per cycle (i.e., 160–320 
fps) with an image resolution of 1000 pixels × 1000 pixels. 
Based on these prerequisites, the following equipment were 
therefore selected: two actuators (model XDMQ-DE, Zaber, 
Vancouver, British Columbia) with the maximal velocity of 
1400 mm/s, a camera (model BLXT-17 M, Baumer, Frauen-
feld, Switzerland) with the maximal sampling rate of 660 fps 
and the maximal resolution of 1100×1600 pixels, and two 
5-lb (22.5 N) load cells (model 31, Honeywell, Charlotte, 
North Carolina). Finally, a desktop PC (HP Z4 Workstation, 
Palo Alto, California) was selected based on the processing 
and memory requirements from the camera, as well as the 
connections compatible with all electrical components. All 
equipment was compatible with LabVIEW as the agent for 
movement control and data acquisition.
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Nonindustrial components of the tester were designed 
based on the size, orientation, and fastening connection 
specifications compatible with the actuators and load cells. 
To minimize the shear deformation during the planar biaxial 
mechanical tests, linear guides (SSEB series, MiSUMi Cor-
poration, Schaumburg, Illinois) were set perpendicular to the 
arms to allow free lateral movement. Parts were manufac-
tured using computer numeric control milling, hand lathe 

and milling, and 3D printing processes. All geometry con-
figurations (size, thickness) of the sample were obtained by 
caliper measurements. To track the local strain/deformation 
of the sample, four markers were placed equidistant from the 
center of the specimen in a square geometry, and a digital 
image correlation algorithm was applied to the images, as 
described previously [27–29]. A photo of the tester with all 
hardware assembled is shown in Fig. 2.

Table 1   Summary of key components in existing custom or commercial biaxial systems used for ventricular or valve leaflet mechanical studies, 
as well as some relevant systems for non-cardiac research

NA indicates unavailable or unspecified information

System Actuators Force sensors Image acquisition Reported stretch 
rate

Reported testing 
type

Reference(s)

Custom L9221 (by Airpax 
Inc.)

1000 g (by Senso-
tec Honeywell)

LC1901KAN-011 
Camera 
(2048×2048 
pixels, EG&G)

22.86 mm/s, Cyclic [25]

Custom NA 10N NA 7.5 mm/s Cyclic [16]
Custom NA 100N NA (Laser exten-

someter)
30 mm/s Cyclic [11, 19, 26, 27]

Custom NA (by Harvard 
apparatus)

F5-A (by Konigs-
berg)

Model 4410
Video Camera 

(Cohu Instru-
ments)

2.5 mm/s Cyclic [28]

Custom NA NA Model WV-
3260/8AF Video 
Camera (1000 
FPS,

Panasonic)

NA Cyclic [29]

Custom 404XR
(by Parker Han-

nafin)

Model 31
(250 g, Sensotec 

Honeywell)

Fast Camera 13 
(1240×1024 
pixels, 1000 FPS, 
Fast Vision LLC)

1000 mm/s Cyclic [12, 17, 23, 30]

Custom T-LLS105
(by Zaber Tech-

nologies)

Model 31 (250 g,
Sensotec Honey-

well)

Grasshopper3 
Camera (4.2 MP, 
18 FPS,

Point Grey)

6 mm/s Cyclic, stress 
relaxation

[31, 32]

Custom DS4 series
(by Kollmorgen)

LSB210 (44.48N,
Futek)

Mako G-419B 
Camera 
(2048×2048 
pixels, 26 FPS,

Allied Vision)

500 mm/s Cyclic [33]

Custom MicroTester Actua-
tors (by Instron)

5N or 500N NA 15.7 mm/s Cyclic [34]

CellScale Biotester 
(Cellscale.com)

NA 0.5–23N options 
available

1280×960 pixels, 
15 FPS

20 mm/s Cyclic [15, 18, 21, 22]

TestResources 
574LE2 (TestRe-
sources.net)

NA 100N NA Capable of 15 Hz Cyclic [35]

TA Instruments 
ElectroForce® 
planar biaxial 
TestBench

NA NA NA, 30–240 FPS NA (0.001–1 Hz) Cyclic [20]

TA Instruments 
ElectroForce® 
planar biaxial 
TestBench

NA NA NA, 30–455 FPS NA (2.5–12.4 Hz) Cyclic [21]
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Software Development

The in-house LabVIEW codes were developed for perform-
ing biaxial cyclic sinusoidal tensile tests and stress relaxation 
at various stretch rates. The MATLAB codes were adapted 
from prior studies [13, 28, 30] for additional viscoelastic 
property quantification. The functional modules include:

(a)	 Synchronized sinusoidal (nonlinear) stretch and stress 
relaxation in two axes: The ASCII programming code 
was developed to achieve synchronized sinusoidal 
(nonlinear) movement of the biaxial actuators. This is 

a new feature of our system as nonlinear deformation is 
rarely reported in the literature, and most prior biaxial 
tests only apply linear, cyclic tensile stretches to the 
samples. Additionally, a separate programming code 
was developed to induce step function deformation to 
perform typical biaxial stress relaxation tests.

(b)	 Synchronized image and force data acquisition: We 
developed a customized LabVIEW interface (‘mod-
ule’) for the control of the image acquisition and stor-
age at 200 fps. Because of the constraints in the image 
resolution and exposure time, the maximal sampling 
rate achieved was 200 fps to obtain sufficient resolu-
tion in the image frame. The image acquisition was 
achieved through the “grab” camera function and a 
producer-consumer loop setup in LabVIEW. To induce 
synchronized recording of force and image data, an 
image timestamp function was used to record the time 
of image acquisition by the camera (rather than the 
time of image frame received by LabVIEW) while the 
load cell data was sampled simultaneously and relayed 
via two in-line amplifiers into a USB DAQ (NI USB-
6002, National Instruments) with the same internal 
time clock.

(c)	 Strain analysis: Finally, a customized MATLAB code 
was developed for 2D strain analysis, using four equally 
spaced markers in the center region as fiducials to track 
the deformation of the sample as described previously 
[24, 26, 27, 31].

System Validation

Polydimethylsiloxane (PDMS) Sheet Testing

To evaluate the tester capability, an isotropic, synthetic 
material was used. We chose polydimethylsiloxane 
(PDMS, commonly referred to as silicone) as the material 
due to its frequent use in the biomedical field including 
cardiovascular applications [32]. A PDMS sheet (Sylgard 
184, Dow Corning, Midland, MI) was prepared using a 
10:1 base to curing agent mass ratio. The mixture was 
cured in a stainless-steel container in a vacuum oven main-
tained at room temperature for 48 hours to remove all gas 
bubbles from the material. For mechanical tests, samples 
were cut into 15×15×3 mm3 sheets (N = 3), mounted and 
preloaded to 0.1 N in room air. After 10 preconditioning 
cycles [33], the sample was stretched equibiaxially under 
either cyclic sinusoidal deformation or stress relaxation. 
These tests served for validation purposes of the following 
capabilities:

(a)	 Capability to induce biaxial, cyclic sinusoidal stretches 
at various frequencies:

Fig. 1   Block diagram of biaxial tester components. A square sample 
is mounted to four arms of the system via tines to allow the motion 
and recording of the force in two perpendicular directions (longitu-
dinal and circumferential). Two arms are connected to the actuators, 
which receive a simultaneous command to induce cyclic sinusoidal 
deformation in the samples. The other two arms are connected to the 
load cells and amplifiers which acquire simultaneous biaxial forces in 
the sample. An in-house LabVIEW module is used to synchronize the 
force and image signals.

Fig. 2   Snapshot of the biaxial tester with key components labeled. 
Load cell (1), camera (2), actuator (3), movement rail (4), and a 
close-up picture of the system mounted with a rat RV sample (5)
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To evaluate if the actuator can move at various stretch 
rates nonlinearly, equibiaxial tensile testing of PDMS sam-
ples was conducted. Samples were deformed in sinusoidal 
motion at 20% of maximal strain, at 0.1, 1, 2, 5 and 8 Hz. 
The inclusion of these frequencies was to test the capability 
of the system to measure a material’s viscoelastic behavior 
at a broad range of frequencies from sub-physiological to 
physiological stretch rates. We used 0.1 Hz testing frequency 
as a sub-physiological testing condition, although the system 
can operate under much lower stretch rates (e.g., 0.001 Hz). 
The 1 Hz and 2 Hz testing frequencies correspond to the 
resting and exercising heart rates of a human or large animal 
species, and the 5 Hz and 8 Hz frequencies correspond to 
the resting and exercising heart rates of a rat. Thus, these 
are all physiologically relevant stretch rates from small to 
large animal species. Moreover, our new system could func-
tion under nonlinear (sinusoidal) deformation cycles, which 
is rarely reported in soft tissue mechanical tests. The force 
curves were then acquired to confirm the successful induc-
tion of biaxial motions at these frequencies.

(b)	 Capability to induce biaxial stress relaxation at various 
ramp speeds and strains:

To evaluate if the ramp speed can reach the diastolic 
stretch rate of a rat heart, samples were deformed by a brief 
linear stretch (ramp) followed by a constant deformation at 
desired strain levels. This could simulate the tissue defor-
mation from diastolic filling (ramp) to the following isovo-
lumic contraction (maintained stretch) phases [34]. Stretch 
rate was determined by Eqn.1, assuming that the heart tissue 
is deformed at 20% of strain at end diastole, and there are 
approximately equal periods of diastole and systole per car-
diac cycle (T). Moreover, at the fixed ramp speed mimicking 
the resting heart rate (HR) of rats (300 bpm), stress relaxa-
tion was performed at different strain magnitudes (3%, 6%, 
9%, 12%, 15%) to examine the type of viscoelastic behavior 
of PDMS sheets as described previously [35, 36] .

where cardiac cycle T = 1∕HR  (seconds),  and 
ΔL = 0.2 × unloadedlength(L

0
) (mm).

(c)	 Consistency of measurements between two axes:

We next compared the experimental curves of isotropic 
PDMS samples under equibiaxial loading to confirm the 
consistency of the measurements from two axes (longitudi-
nal and circumferential). Using the data obtained from cyclic 
sinusoidal loading, the stress-strain hysteresis loops from 
different axes were compared for each frequency.

(1)Stretch rate =
ΔL

T∕2

(d)	 Accuracy and stability of the system:

To evaluate the accuracy of the biaxial tester, PDMS 
samples (N = 3) were subjected to equibiaxial cyclic load-
ing under the same conditions as described above. Force and 
image data were obtained, and the stress-strain hysteresis 
curves were derived. The average and standard error of the 
elastic (elastic modulus) and viscous (Tan (δ), where δ is the 
phase shift between stress and strain data) properties of the 
PDMS were calculated (see §2.4 for details) and compared 
to similar parameters found in literature reports [37–40].

Rat RV Testing

Finally, we measured the biaxial viscoelastic properties of 
RV tissues from healthy adult rats. The novel viscoelastic 
measurement of rodent RVs demonstrated the successful 
acquisition of ventricular viscoelasticity in physiological 
states for small animal species for the first time. All proce-
dures were approved by Colorado State University IACUC 
(protocol #1438). Prior to tissue harvest, 8–10-week-old 
male Sprague Dawley rats (Envigo, US) (N = 12) were euth-
anized by urethane (1.2–1.5 g/kg, i.p. injection) or carbon 
dioxide. Prior to the mechanical tests, the RV tissue was 
excised, measured, and then placed in cardioplegic solution 
(CPS) combined with 30 mM of 2,3-butanedione monoxime 
(BDM) heated solution at 37 °C for 30 minutes to ensure 
full relaxation of cardiomyocytes. The outflow tract (OT) 
direction was used as the longitudinal axis, while the perpen-
dicular direction was the circumferential axis. Each sample 
was glued with 4 equally spaced markers for strain analysis.

After mounting, the samples were preloaded and under-
went 15 cycles of equibiaxial stretch at 1 Hz and 20% of 
strain for preconditioning. Then similarly as done for PDMS 
samples, cyclic sinusoidal equibiaxial tensile tests with 20% 
of strain at 0.1, 1, 2, 5, and 8 Hz were performed (N = 9) 
with sufficient resting periods between tests equivalent to 10 
times the testing period. In stress relaxation tests, samples 
were linearly stretched at different ramp speeds (correspond-
ing to 0.1, 1, 2, 5 and 8 Hz of cycle tests) and then held at a 
constant strain of 20% (N = 12). The entire mechanical test-
ing was performed at a temperature of 26–37 °C.

Viscoelastic Data Analysis

From the cyclic sinusoidal tensile tests, an average hysteresis 
stress-strain loop can be derived from the last three cycles. 
For synthetic samples (see §2.3.1), engineering stress P 
and engineering strain � were derived for each direction 
( P = F∕A

0
 , � = dl∕l

0
 ), where F is the measured force, l

0
 

is the initial length, and A
0
 is the initial cross-section area. 

For biological samples (see §2.3.2), the 2nd Piola-Kirchhoff 
(PK) stress (S) and Green strain (E) were derived for each 



	 K. Roth et al.

direction ( � = �P , S = P∕� , and E = (�2 − 1)∕2 ), where σ 
is Cauchy stress and � is the stretch, as previously described 
[29].

Next, the overall elastic modulus (M) was derived as the 
slope of the linear fitting of the entire hysteresis loop, and 
the viscosity was represented by the phase shift (δ) between 
the stress and strain data (Fig. 3 and Eqn.2). Furthermore, 
the stored energy (WS) and dissipated energy (Wd) were cal-
culated from the hysteresis loop as shown in Fig. 3 as indices 
of elasticity and viscosity, respectively. These methods are 
adapted from previous studies [13, 30].

where W = hysteresis loop width at ½ maximal stress; B = 
maximal strain.

To examine the type of viscoelastic behavior of PDMS 
from stress relaxation, different relaxation rates were calcu-
lated as the slopes of linear fitting to logarithmic stress vs. 
time plots at different strain magnitudes (3–15%). Nonlinear 
viscoelasticity is confirmed if the relaxation curves from the 
different strain magnitudes are not parallel, which is meas-
ured through statistical significance. To examine the vis-
coelastic relaxation of rat RVs, biaxial stress relaxation was 
performed at various stretch rates corresponding to 0.1–8 Hz 
and at the strain of 15%. The relaxation modulus and nor-
malized stress obtained at 0.01 seconds after the peak stress 
were used to represent the relaxation behavior of the tissue. 
These methodologies are described previously [13, 41].

Statistical Analysis

All data are shown as mean ± SE. Statistical significance was 
determined as p < 0.05 with a student’s t-test.

(2)� = asin

(

W

B

)

Results

System Validation by PDMS Sheets

Firstly, we examined if the biaxial tester was capable of 
achieving planar biaxial tensile tests at the desired defor-
mations. The silicone sheet was successfully deformed by 
cyclic loadings at various frequencies (from 0.1 to 8 Hz). 
The sinusoidal force generated from the cyclic stretch of 
the actuators confirmed the non-linear (sinusoidal) defor-
mation of the samples (Fig. 4a). We observed similar 
sinusoidal force data curves from the longitudinal direc-
tion at the same testing frequencies. We further examined 
the relaxation response of PDMS sheets under equibi-
axial stress relaxation. The tester successfully induced 
the linear stretch of the sample in the ramping phase at 
the desired stretch rates corresponding with various heart 
rates (0.1–8 Hz) (Fig. 4b). We observed that the peak force 
tended to increase with an increasing stretch rate.

Moreover, we examined if consistent, synchronized 
viscoelasticity measurements were achieved between the 
two axes of the system. This character is especially impor-
tant for high-speed cyclic tests to mimic the physiologi-
cal deformations of rodent hearts. Under biaxial cyclic 
loadings, the stress-strain hysteresis loops of PDMS sheets 
obtained from two axes (at both 5 and 8 Hz) were identi-
cal (Fig. 4c). The loading and unloading curves at each 
individual frequency well overlapped, confirming the 
tester’s ability to accurately capture the PDMS’s isotropic 
mechanical behavior. Moreover, we examined the shear 
deformation which was negligible compared to the planar 
deformation (data not shown).

We further derived the viscoelasticity parameters of 
PDMS sheet by using the elastic moduli (M) and tan(δ), both 
of which are commonly reported in literature. The average M 
measured across all frequencies was 0.54 ± 0.01 MPa in the 
longitudinal direction and 0.58 ± 0.01 MPa in the circumfer-
ential direction, respectively. As expected, we observed fre-
quency-dependent increase in these viscoelastic parameters 
of PDMS sheets. The average M ranged from 0.51 ± 0.004 
to 0.60 ± 0.02 MPa as frequency increased. The viscosity 
(phase shift) also increased with increasing frequency, rang-
ing from 0.11 ± 0.005 to 0.33 ± 0.03 across the testing fre-
quencies (Fig.4d). Moreover, the overlapping of the tan(δ) 
curves in the longitudinal and circumferential directions for 
this isotropic material again confirmed the consistent meas-
urements between the two axes.

Finally, in the viscoelastic measurements of PDMS 
sheets, the standard error (SE) was within ± 8% of the mean 
for the testing frequency up to 5 Hz. We observed a slightly 
larger SE at the testing frequency of 8 Hz, but the percentage 
of deviation is acceptable (±10.3% of the mean).

Fig. 3   Stress strain hysteresis loop showing stored (Ws) and dis-
sipated (Wd) energy as well as the maximal strain (B) and the loop 
width at half of the maximal stress (W). Stored energy is calculated 
as the area beneath the unloading curve, and dissipated energy is 
calculated as the area within the hysteresis (loading and unloading 
curves)
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PDMS Exhibits Nonlinear Viscoelastic Behavior 
Within 15% Strain

From this study, we also investigated the type of viscoelastic 
behavior of the silicone (PDMS) material. By performing 
stress relaxation at different strain magnitudes, we exam-
ined if the relaxation behavior depended on strain levels as 
previously reported [35, 36].The strain-dependent relaxation 
behavior shows that the silicone material is nonlinear vis-
coelastic. As shown in Fig. 5, we observed identical stress 
relaxation behavior at most of the strains (6-15%). However, 
the fitting of the 3% strain curve was significantly different 
than the fitting slopes of other strain curves in both direc-
tions (except for the 6% longitudinal data). Thus, the data 
showed that the relaxation behavior of PDMS sheets was 

strain-dependent, and the PDMS exhibited nonlinear vis-
coelastic behavior.

Healthy Rat RV Biaxial Viscoelasticity 
Characterization

Frequency‑Dependent Viscoelastic Behavior from Cyclic 
Loadings

Next, we obtained the biaxial viscoelastic behavior of 
healthy rat RV samples under cyclic sinusoidal loadings 
at 0.1–8 Hz. Our data showed strain-rate (or frequency) 
dependent changes in the hysteresis loops (Fig. 6). In both 
directions, as the frequency increased, the slope of the loop 
increased, and the area of the loop got larger. This indicates 

Fig. 4   Validation of the biaxial 
tester with PDMS sheets. a 
Representative force-time 
data from cyclic biaxial tests 
recorded at varying frequen-
cies in the circumferential 
direction. b Representative 
circumferential force-time data 
from stress relaxation recorded 
at varying stretch rates (mm/s) 
that correspond to heart rates 
of 0.1–8 Hz. c Representative 
longitudinal and circumferential 
stress–strain hysteresis loops at 
physiological frequencies of rats 
that indicate consistent viscoe-
lastic measurements in different 
axes. d Frequency-dependent 
viscosity of PDMS sheets meas-
ured by tan(δ) in circumferential 
and longitudinal directions

Fig. 5   Log scale plots of stress relaxation of PDMS sheets. Viscoe-
lastic characterization of PDMS sheets in longitudinal (a) and cir-
cumferential (b) directions were obtained from stress relaxation at the 

ramp speed corresponding with a heart rate of 5 Hz. Blue dashed line: 
the fitted line at 3% strain superimposed onto the other strain levels. 
*p < 0.05 vs slope of 3%
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an increased elasticity and viscosity of the RV tissue at a 
higher deformation rate.

We further quantified the stored (Ws) and dissipated (Wd) 
energy as well as the M of the RV samples from the hyster-
esis loops. We found that these parameters were increased 
with increasing testing frequency in both directions (Fig. 7). 
Significant increases in stored and dissipated energy were 
observed from the sub-physiological (0.1 Hz) to physiologi-
cal (1–8 Hz) stretch rates. Additionally, in the longitudinal 
direction (Fig. 7a), the increase in Wd was more pronounced 
at 8 Hz and the increase in Ws was more markedly at 5 Hz. In 
the circumferential direction (Fig. 7b), the Ws was increased 
more significantly at 5 and 8 Hz, while the Wd was increased 
more significantly at 8 Hz. Examining the M showed that, 
although frequency-dependent increase was observed in 
both directions, the increase was more pronounced in the 
circumferential direction (Fig.7c). These data suggest that 
the viscoelastic behavior between the sub physiological 
(0.1–2 Hz) and physiological (5–8 Hz) deformations were 
distinct, which support the necessity to measure rat RV vis-
coelasticity under physiological conditions (in nonlinear and 

fast deformations). Moreover, there was no significant differ-
ence of these viscoelastic parameters between the longitudi-
nal and circumferential directions at all testing frequencies. 
This suggests an isotropic viscoelastic behavior of the health 
rat RV samples.

Lastly, we examined the change in the ratio of stored to 
dissipated energy (Wd/Ws) as a function of frequency. As 
shown in Fig. 7d, the ratio Wd/Ws was maintained at a con-
stant level across most testing frequencies (up to 5 Hz) in 
both directions. The only exception was the ratio at 8 Hz 
where a significant increase was observed compared to all 
other frequencies.

Frequency‑Dependent Relaxation Behavior from Stress 
Relaxation

Next, we examined the frequency-dependent relaxation 
behavior of the rat RV from the stress relaxation data. We 
observed a significant frequency-dependent decrease in 
relaxation modulus in both the longitudinal and circumferen-
tial directions (Fig. 8a). Similarly, the frequency-dependent 

Fig. 6   Frequency-dependent 
stress-strain hysteresis loops 
of rat RVs obtained from 
equibiaxial cyclic loadings. 
Representative stress-strain 
loops in the longitudinal (a) and 
circumferential (b) directions 
are shown

Fig. 7   a, b The stored (Ws) 
and dissipated (Wd) energy 
of rat RVs obtained from the 
longitudinal and circumferential 
direction, respectively. c The 
elastic modulus (M) derived 
from the entire loop in both 
directions. d The ratio of stored 
and dissipated energy (Wd/Ws) 
in both directions. *p < 0.05 vs. 
0.1 Hz from the same direc-
tion. †p < 0.05 vs. 1 Hz from 
the same direction. §p < 0.05 vs 
2 Hz from the same direction. 
&p < 0.05 vs 5 Hz from the 
same direction



Establishment of a Biaxial Testing System for Characterization of Right Ventricle…

decrease in normalized stress was observed in both direc-
tions, particularly at physiological frequencies of 5 and 8 Hz 
(Fig. 8b). The decreases of relaxation modulus and normal-
ized stress with increasing frequency indicate that the rat RV 
is relaxing faster at higher stretch rates.

Discussion

The objective of this study was to develop a biaxial test-
ing system for rat RV viscoelasticity characterization under 
physiological loadings. In the present work, we have con-
structed and validated the testing system by synthetic, 
isotropic PDMS sheets. Further, we characterized the vis-
coelastic behavior of PDMS at 0–15% of strain, confirm-
ing a nonlinear viscoelastic behavior of the material. We 
further characterized the rat RV free wall viscoelasticity 
by equibiaxial cyclic loadings and stress relaxation using 
physiological strain rates. We found that the rat RV exhibited 
increased viscoelastic behavior from quasi-static to physi-
ological stretch rates under cyclic tensile tests, which sug-
gests the importance of characterizing the tissue viscoelastic 
properties under in vivo loading conditions. An interesting 
‘homeostasis’ condition of the constant ratio of stored to 
dissipated energy (Wd/Ws) was observed across frequencies 
of 0.1–5 Hz. Overall, the RV exhibited isotropic viscoelastic 
behavior in healthy, adult rats. To our knowledge, this is 
the first characterization of healthy rat RV passive biaxial 
hysteresis in physiological states. The novel set of data will 
advance the knowledge of RV biomechanics in both energy 
storage and energy dissipation functions.

System Validation with PDMS Sheets

Firstly, from the force curves we confirmed that the new 
tester could deform samples at the desired stretch rates 
corresponding to the frequency of 0.1–8 Hz and in sinu-
soidal (nonlinear) motions. As the stretch rate increased 
(e.g., at 5 and 8 Hz), we observed some minor ‘over-shoot’ 
(~ 6%) of the peaks and valleys as shown in Fig. 4a The 
actuators have a built-in servo motor positioning loop, and 

the position of the actuators is consistently monitored and 
corrected. The observed overshoot may be attributed to 
the non-adjustable, built-in controller tuning. Additionally, 
inertia from the mass of the components at high defor-
mation rates could contribute to the overshoot. Then, we 
evaluated the tester’s capability to perform stress relaxa-
tion with a ramping speed mimicking the physiological 
diastolic filling of the heart at resting or exercised heart 
rate. The tester was able to stretch samples equibiaxial 
at these commanded stretch rates. From the quasi-static 
(0.5 mm/s) to physiological stretch rates (23–36 mm/s), 
the peak force was increased and the normalized stress was 
reduced, indicating the increased instantaneous elasticity 
and enhanced relaxation behavior of the PDMS sheets 
(Fig. 4b).

Thirdly, we confirmed that the viscoelastic behaviors 
of PDMS measured across both axes were consistent. 
The stress-strain loops under cyclic loadings were similar 
between the axes across all testing frequencies, although 
only those at the physiological frequencies (5 and 8 Hz) were 
shown (Fig. 4c). Furthermore, a viscous indicator measured 
by tan(δ) (phase shift) showed consistent values between the 
longitudinal and circumferential axes for most frequencies 
including the 5 and 8 Hz. Therefore, using an isotropic mate-
rial, we assessed and confirmed the equal performance of the 
two axes in measuring viscoelastic properties.

Next, we examined the frequency-dependent viscoelastic 
behavior of the PDMS using commonly reported parameters 
derived from the hysteresis. Overall, we found an increase 
in elasticity as the frequency (stretch-rate) increased. 
The average elastic moduli across all frequencies were 
0.54 ~ 0.58 MPa. These values are within the reported range 
in the literature (0.5 MPa to 1.8 MPa at various frequencies 
and strains, with different loading conditions) [32, 39, 42]. 
The variation of the tensile elastic modulus of PDMS may be 
induced by several factors such as humidity or water content 
in the polymers [43], curing temperature [42], and the base 
to curing agent ratio of Sylgard 184 [32]. Since not all these 
details were provided from prior studies, we did not require 
an exact match of the value with that in literature. Our meas-
ured values fell within the range seen by previous studies.

Fig. 8   Relaxation behavior of 
rat RVs obtained at various 
ramp speeds corresponding 
to frequencies of 0.1–8 Hz. a 
relaxation modulus and b nor-
malized stress were quantified 
at 0.01 s after the peak stress. 
*p < 0.05 vs. 0.1 Hz from the 
same direction. †p < 0.05 vs. 
1 Hz from the same direction. §
p < 0.05 vs 2 Hz from the same 
direction. &p < 0.05 vs 5 Hz 
from the same direction
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From the viscosity measurements via tan� (Fig. 4d) and 
the hysteresis loop area (data not shown), we found that 
both parameters were increased with increasing testing 
frequency. Such frequency-dependent viscous behavior is 
consistent with the previous reports [39, 42]. The study by 
Goyal et al. is the only one, to our knowledge, that reports 
frequency-dependent viscoelasticity in the same frequency 
range (1–8 Hz) and same condition (in room air) as ours. 
But the tan� values found in our study are approximately 
2× larger than the former study, however they follow the 
same increasing trend [39]. A few reasons may explain the 
discrepancy. The former test was non-constrained uniaxial 
test and performed at 30% of strain. Also, insufficient details 
were provided in the PDMS fabrication process and other 
aspects of the mechanical testing protocol, which may affect 
the PDMS sheets viscoelasticity and measurement values. 
Overall, the PDMS mechanical data demonstrated that the 
new testing system enabled biaxial viscoelastic measurement 
of soft materials under the required physiological loadings 
for rodents.

Characterization of PDMS Viscoelasticity Type 
at 0–15% Strain

PDMS is used in many biomedical contexts including the 
cardiovascular applications [32]. However, to our knowl-
edge, a full characterization of PDMS (silicone) viscoe-
lasticity has not been documented. A viscoelastic material 
can be linear viscoelastic, quasi-linear viscoelastic (QLV), 
or fully nonlinear viscoelastic (NLV). The nonlinear vis-
cous behavior is revealed by a strain-dependent relaxation 
behavior. Most biological tissues including the myocardium 
exhibit a fully nonlinear viscoelastic behavior [13, 41, 44], 
but whether the PDMS is NLV is unclear. In terms of the 
elastic behavior, a previous study found that PDMS was lin-
early elastic only between 0 and 40% of tensile strain [40], 
although this measurement was conducted at a quasi-static 
rate of 0.33 mm/s. From the cyclic tests at 0–20% strain 
in this study, we observed linear elastic behavior from the 
elliptical shape of the hysteresis. To examine if the viscous 
behavior of PDMS is linear or not, we compared the stress 
relaxation curves at different strains (3–15%) using a fixed 
ramping speed (22.8 mm/s). Because the fitted line to the 
curve at 3% strain was not in parallel with the fitted lines 
to the curves at higher strains (6–15%) (Fig. 5), the vis-
cous behavior was strain-dependent (nonlinear). Our data 
indicates that PDMS is a nonlinear viscoelastic material at 
0-15% strain in room temperature condition.

This behavior is not completely surprising as some 
polymers have been shown to display a nonlinear viscoe-
lastic behavior [45]. The nonlinear viscoelastic behav-
ior of solid polymers is dependent on conditions such as 
temperature and loading conditions [46]. Previously the 

PDMS was found to exhibit nonlinear elastic behavior at 
strains > 40% [40]. Our study, to our knowledge, is the first 
to report a nonlinear viscoelastic behavior of PDMS when 
deformed at cardiac physiological loading conditions. The 
characterization of the viscoelastic behavior of PDMS at 
the strain and stretch rate similar to those observed in the 
physiological deformation of myocardium will assist to 
develop more biomimetic materials for various biomedical 
or tissue engineering applications using silicone polymers.

Characterization of Stretch‑Rate Dependent Biaxial 
Viscoelasticity of Rat RVs

Using the new biaxial tester, we proceeded to conduct the 
original biaxial viscoelastic measurements of the rat RV 
free wall. The RV showed significant increases in viscosity 
and elasticity with increasing stretch rate in both direc-
tions (Figs. 6 and 7). By examining the stored (Ws) and 
dissipated (Wd) energy as well as the elastic moduli (M) 
of the RV samples, we observed significant increases in 
both elasticity and viscosity not only from quasi-static 
to dynamic stretch rates (> = 1 Hz), but also between 
physiological stretch rates (5 and 8 Hz). The stretch-rate 
dependent mechanical behavior was similarly found in 
heart valves, and the stress-strain relations obtained under 
physiological stretch rates are different than those obtained 
under quasi-static or sub-physiological stretch rates [20, 
21]. We then concluded that to approach the physiological 
viscoelasticity measurement of rat RVs, a testing protocol 
that induces physiological loadings is imperative.

Using stress relaxation, we additionally saw significant 
decreases in relaxation modulus and normalized stress 
with the increasing ramp speed, further indicating the 
importance of using physiological stretch rates to inform 
the tissue’s viscoelasticity. Moreover, these results showed 
that at faster deformations the relaxation rate became 
faster, indicating an enhanced viscous damping of the 
material. Another phenomenon we noticed was the dif-
ferent effects of stretch rate on peak stress and relaxation 
modulus in PDMS material. As seen in the PDMS mate-
rial, increased peak stress (Fig. 4b) and reduced relaxation 
modulus (data not shown) were observed as the stretch-
rate increased. But in the RV tissue, reduced peak stress 
(data not shown) and relaxation modulus (Fig. 8a) were 
observed as stretch-rate increased. We are not entirely 
clear about the molecular mechanism that determines these 
relaxation parameters, but we speculate the complex com-
position of RV tissue (including myofibers, collagen fibers, 
and other viscoelastic components) may result in a differ-
ent recruitment of ‘biological polymers’ than the synthetic, 
single-type polymers in PDMS. Therefore, the trends of 
these parameters may not be consistent.
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Isotropic Viscoelastic Behavior and Potential 
‘Homeostasis’ in Wd/Ws of Rat RVs

From both cyclic loading and stress relaxation data, we did 
not observe statistically significant differences between the 
longitudinal and circumferential directions. This suggests an 
isotropic viscoelastic behavior of healthy rat RVs. However, 
the longitudinal direction showed a trend of larger elastic 
modulus (Fig. 7c) as well as a trend of larger relaxation 
modulus (Fig. 8a) than the circumferential direction. Prior 
studies on the elastic behavior of rat or ovine RVs found 
that the elasticity was significantly higher in the longitudi-
nal than circumferential direction [3, 24, 25]. A histology 
examination showed that the fiber orientation was altered 
transmurally, spreading from the longitudinal (outflow tract) 
direction by about a 90 degree-dispersion to the circumfer-
ential direction [24]. We suspect that the wide dispersion 
of the myo- and collagen fiber orientation transmurally and 
the new dynamic loading conditions here could affect the 
recruitment of these biological constituents and lead to the 
isotropic viscoelastic behavior observed in this study.

Another new finding from the rat RV is about the ‘pres-
ervation’ of the ratio Wd/Ws. Interestingly, despite larger 
variations in elasticity (Ws) or viscosity (Wd) (Fig. 7a and 
b), the variation in the ratio of Wd/Ws (Fig. 7c) was rela-
tively small and it remained constant across most frequen-
cies (0.1–5 Hz). This suggests a mechanical or thermal 
‘homeostasis’ condition of the tissue that is independent of 
the strain rate (and of individual subjects). Traditionally, 
the elastic and viscous properties are separately discussed 
as they represent different mechanical behaviors. However, 
a recent study has suggested a potential prognostic value of 
the ratio of viscous to elastic behavior. The cardiomyocytes 
from HFrEF patients presented lower Wd/Ws than those 
from HFpEF patients [5]. The baseline data from the healthy 
rat RVs here seem to bring additional evidence in support of 
homeostasis for the optimal viscoelastic function of the RV 
tissue. The physiological implications of the maintenance 
or change of the ratio in response to varied loadings awaits 
further investigation.

Limitations

There are several areas for improvement in the biaxial tester. 
We saw a higher variance in the cyclic tests at 8 Hz than 
other lower frequencies. This may be related to the over-
shoot of the cyclic stretches, or the current approach adopted 
in LabVIEW to synchronize the force and image data acqui-
sition. We therefore did not over-interpret the data obtained 
at this testing frequency. Additionally, each mounting arm 
only had two mounting rakes for the easy operation on the 
small sized samples. Increasing rake number will induce 
a more homogeneous stress field [47]. For the mechanical 

testing of the rat RV, the samples were not sustained at 
37 °C throughout testing. A temperature-controlled tissue 
bath should be implemented in the future. Finally, there 
are a couple of factors neglected in mechanical tests. The 
lowest frequency in the cyclic tests was 0.1 Hz, which was 
considered sub-physiological but not quasi-static. Thus, the 
‘elastic baseline’ information of the tissue was not obtained. 
Moreover, we did not obtain failure strain or natural recoil 
rate of the samples in our experiments. Both provide useful 
information for tissue mechanics. Future mechanical testing 
protocol should take these factors into consideration.

Conclusions

This research effort has culminated in a new biaxial tester 
that is functioning for the measurement of passive, ani-
sotropic viscoelastic properties of ventricular free wall in 
small animal species under physiological conditions. The 
viscoelastic properties of healthy rat RVs were character-
ized, and a frequency dependence of the viscoelasticity was 
found, where increased viscoelasticity was significant from 
quasi-static to physiological stretch rates. This suggests that 
characterizing heart tissue viscoelasticity in in vivo load-
ing conditions is important. We additionally observed a 
‘homeostasis’ condition of the ratio of stored to dissipated 
energy across 0.1–5 Hz of frequencies along with isotropic 
viscoelasticity in these specimens. The research provides 
a new experimental tool to quantify the passive, biaxial 
viscoelastic behavior of ventricles in both small and large 
animals, and the findings in healthy rat RVs offer critical 
baseline information about the viscoelasticity of healthy RV 
free wall.
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