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a b s t r a c t

Motor vehicle crashes (MVC's) commonly results in life threating thoracic and abdominal

injuries. Finite element models are becoming an important tool in analyzing automotive

related injuries to soft tissues. Establishment of accurate material models including tissue

tolerance limits is critical for accurate injury evaluation. The diaphragm is the most

important skeletal muscle for respiration having a bi-domed structure, separating the

thoracic cavity from abdominal cavity. Traumatic rupture of the diaphragm is a potentially

serious injury which presents in different forms depending upon the mechanisms of the

causative trauma. A major step to gain insight into the mechanism of traumatic rupture of

diaphragm is to understand the high rate failure properties of diaphragm tissue. Thus, the

main objective of this study was to estimate the mechanical and failure properties of

human diaphragm at strain rates associated with blunt thoracic and abdominal trauma. A

total of 23 uniaxial tensile tests were performed at various strain rates ranging from 0.001–

200 s�1 in order to characterize the mechanical and failure properties on human

diaphragm tissue. Each specimen was tested to failure at one of the four strain rates

(0.001 s�1, 65 s�1, and 130 s�1, 190 s�1) to investigate the effects of strain rate dependency.

High speed video and markers placed on the grippers were used to measure the gripper to

gripper displacement. Engineering stresses reported in the study is calculated from the

ratio of force measured and initial cross sectional area whereas engineering strain is

calculated from the ratio of the elongation to the undeformed length (gauge length) of the

specimen.The results of this study showed that the diaphragm tissues is rate dependent

with higher strain rate tests giving higher failure stress and higher failure strains. The

failure stress for all tests ranged from 1.17 MPa to 4.1 MPa and failure strain ranged from

12.15% to 24.62%.
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Fig. 1 – Typical stress–strain curve for tensile testing of
skeletal soft tissue (Diaphragm). Collagen fibrils
straightening and failure, related to different regions of the
stress-strain curves, are also schematically shown.
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1. Introduction

Automotive safety research has been of interest to automo-
tive designers over the last sixty years and remains an active
area of study (Murray and Lopez, 1996). Automotive trauma
continues to be major health challenge and often overlooked
by the government. Motor vehicle crashes (MVC's) cause
about half a million deaths annually throughout the world,
which are about 30–50% of all injury related fatalities. Motor
vehicle crashes commonly result in life threating blunt
thoracic and abdominal injuries (Markogiannakis et al.,
2006). In order to improve occupant protection, it is important
to understand thoracic and abdominal injuries(Cavanaugh
and Walilko, 1996; Chung et al., 1999). Thoracic trauma is a
frequent occurrence in automotive collisions, second only to
head injuries in terms of overall fatalities and serious injuries
experienced (Nahum and Melvin, 2002). Thoracic and abdom-
inal impact leading to damage of the soft tissues like the
heart, the lungs, the aorta, the liver and the lungs can lead to
sudden death. Abdominal injuries account for only 3–5% of all
injuries observed in MVCs, they comprise 8% of AIS
3þinjuries, 16.5% of AIS 4þinjuries and 21% of AIS 5þinjuries
(Augenstein et al., 1999; Elhagediab and Rouhana, 1998;
Thomas and Frampton, 1999; Yoganandan et al., 2000).

Finite element models of the whole human body are used
to understand loading mechanisms of vehicle occupants
during a vehicle crash event and to reduce the risk of injuries
by evaluating alternate safety systems. Realistic geometry
and accurate material properties are required to predict the
human body response for different boundary and loading
conditions (Carew et al. 1968; Patel et al.1969). With increas-
ing computational power, it has become computationally
feasible to use detailed geometries and material models
incorporating rate dependent properties in conjunction with
explicit Finite Element codes. In recent years, some human
body model development efforts include the HUMOS1 and
HUMOS 2 European projects (Behr et al., 2003; Robin, 2001),
total human body model for safety (THUMS) by Toyota
Central Research Lab, Wayne State human body model
(WHMBS) by Wayne State University and a GHBMC model
developed by The Global Human Body Modelling Consortium.
The biofidelity of these models relies on an anatomically
accurate and detailed representation of human body seg-
mental geometry and material characterisation of tissue. One
of the significant limitations in predicting the human body
behaviour in crash events using finite element human body
models is the limited data on the dynamic response of soft
tissues (Chawla et al., 2007). The lack of data on dynamic
behaviour of human soft tissues is firstly because of the
difficulty involved in obtaining human tissues for testing and
secondly because there are no standard testing techniques
for dynamic testing of soft tissues.

Soft tissues in the human body include skin, skeletal
muscles, tendons, ligaments, blood vessels, diaphragm, fat,
and cartilage. Internal organs like kidney, lungs, liver, brain
tissue, etc are labelled as very soft tissues. Effective modelling
of these soft tissues has been limited by the complexity of
their biomechanical properties as they exhibit non-linear,
inelastic, hetrogenous, anisotropic characteristics (Holzapfel,
2000; Miller, 2000). The nonlinearity and degree of anisotropy
depends very much on the soft tissue considered and its
topographic location in human body. The non-linear beha-
viour of soft tissues is strongly influenced by the concentra-
tion and structural arrangement of collagen and elastin
fibres, ground substance (GS), and cells (Holzapfel, 2004). Soft
tissues behaves anisotropically because of the fibres which
tend to have a preferred direction. The physiological function
of each soft tissue necessitates certain degree of structural
anisotropy, which is generally realized by variable arrange-
ments of the functional components (Decraemer et al., 1980;
Fung, 1975).The tensile response of soft tissues is non-linear
and tensile strength depends upon the strain rate. Soft tissue
may undergo large deformations and also show viscoelastic
behaviour (relaxation and/or creep), which has been asso-
ciated with the shear interactions of collagen fibres with the
matrix of GS (Minns et al., 1973). The diaphragm is one of the
most important skeletal muscle for respiration having a bi-
domed shape structure in which dense collagen fibres are
arranged diagonally from lateral to medial direction. Mechan-
ical response of diaphragm muscle in tension can be com-
pared with the tensile stress–strain behaviour of skeletal
muscle shown in Fig. 1. At rest, the fibres appear orientated
in a random fashion; however, once a load is applied, the
fibres stretch parallel to the load direction. Initially elastin
fibres are thought to stretch in a linear fashion and, as the
load further increases, the collagen fibres reorient in order to
carry a greater proportion of load (Fig. 1). This occurs in toe
region of the stress–strain curve. As the load increases, a
transition from low to high stiffness occurs and is known as
the strain stiffening effect where the fibres become over
stretched and begin to rupture until failure occurs (Edsberg
et al.,1999; Gallagher et al., 2012).

Knowledge of the mechanical properties of human tissues
is important for developing computational human body
models to be used for predicting injuries. Even though, a of
a lot of work has been done on characterizing soft tissues in
the last decades, a majority of the experiments conducted on
human tissues so far have been limited to quasistatic loading
conditions (Carter et al., 2001; Egorov et al., 2002; Kenedi,
1971). Additionally, most of the existing dynamic data in the
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literature has been obtained on porcine tissues (Snedeker
et al., 2005a, 2005b) and some on bovine tissues (Chawla et al.,
2005; Mavrilas et al., 2005; Warhatkar et al., 2009). Dynamic
test data available in literature is typically limited to strain
rates of the order of 10–100 s�1 (Mohan and Melvin, 1982,
1983; Rashid et al., 2012; Takaza et al., 2013), significantly
lower then the strain rates that are estimated by models of
impact on the body (Miller and Chinzei, 1997; Roberts et al.,
2007). Few experimental studies on soft tissue properties
have been conducted at high strain rates of the order of
1000–3800/s (Chawla et al., 2006; Ganpule et al., 2013;
McElhaney, 1966; Saraf et al., 2007; Song et al., 2007; Taylor
et al., 2014; Van Sligtenhorst et al., 2006) and also addressed
injuries due to blast loading (Bartlett, 2003; Brown, 2014;
Cooper et al.,1991; Covey, 2002; Laksari et al., 2014; Sellier
and Kneubuehl, 1994). Capturing failure of soft tissues in
impact like situations is an important aspect in predicting
injuries. Most experimental data on dynamic failure of soft
tissues were acquired using cadaveric tissues; to name a few,
(Bir et al., 2004; Brunon et al., 2010, 2011; Butler et al., 1986;
Kemper et al., 2012, 2010; Mattucci et al., 2012; Mohan and
Melvin, 1982, 1983; Ottenio et al., 2015; Snedeker et al., 2005a,
2005b; Umale et al., 2013) had performed experiments on
human kidney, liver, spleen, ureter, stomach, aorta, tendon,
skin and ligament tissues. The force-time, deflection-time,
and force–deflection responses of the chest to blunt ballistic
impact have also been recorded using human cadavers (Yang
et al., 1996). The response of thoracic wall and the lung to
pressure waves has been simulated using an FE model
(Grimal et al., 2004), throwing light on the mechanisms of
transmissions of impact energy from the thoracic wall sur-
face to the lung. Few authors like (Angelillo et al., 1997, 2000;
Boriek et al., 2000, 2005; Kim et al., 1976; Margulies et al., 1994;
Strumpf et al., 1993) have also studied the mechanics of
active and tetanized canine diaphragm. They mention that
the muscles bundles (fibres) of the diaphragm form a curved
sheet that extends from the chest wall to the central tendon
and that the functional force that balances the transdiaph-
ragmatic pressure (Pdi), is exerted in the direction orthogonal
to the surface (Kim et al., 1976). While these studies describe
the pressure and stress distribution in the canine diaphragm
or the response of other soft tissues (either porcine or
cadaveric), to the authors knowledge, their have been no
studies on the mechanical properties of human diaphragm
tissues and their behaviour under high strain rate loading
conditions like impact.

There are multiple types of soft tissues trauma, and these
can result in complicated effects on physiological processes.
Traumatic rupture of the diaphragm is one such potentially
serious injury and presents in different forms depending
upon the mechanism of the causative trauma. Diaphragmatic
injuries (DIs) can occur following both blunt and penetrating
trauma (Bosanquet et al., 2009). The incidence of diaphrag-
matic injuries have been reported as ranging from 1 to 7%
with significant blunt trauma (Mihos et al., 2003; Scharff and
Naunheim, 2007) and 10–15% with penetrating wounds in
abdomen region (Adegboye et al., 2002). Traumatic injuries to
the diaphragm is a relatively uncommon scenario, but few
autopsy studies have recorded the incidence range of these
injuries between 5.2% and 17% (Favre et al., 2005; Reber et al.,
1998). Traumatic injuries of the diaphragm represent only
0.8–1.6% of the total lesions observed in blunt thoracic
trauma (Mansour, 1997). A diaphragm injury is invariably a
marker of serious trauma. The diaphragm is rarely injured
alone, with an associated injury rate approaching 100%
(Bosanquet et al., 2009). DIs are commonly associated with
intra abdominal injuries, thoracic injuries, rib fractures,
pelvis and long bones and rarely aortic injuries (Kara et al.,
2004; McElwee et al., 1984). In the event of the death, it is
commonly caused by a concomitant injury, rather than the
diaphragmatic injury alone. Several mechanisms have been
postulated for diaphragm injuries in blunt trauma (Hanna
et al., 2008). These include avulsion of diaphragmatic atta-
chements, shearing effects from lateral impact to the chest
wall, rib fracture fragments penetrating the diaphragm, and
sudden build up of force through the abdominal viscera
acting as a hydrodynamic fluid leading to disruption. Road
traffic collisions or lateral intrusions into the vehicle are the
most common frequent causes of diaphragm rupture (Ahmad
et al., 2015; Murray et al., 1998; Ozpolat et al., 2009; Reber
et al., 1998). Direct impacts depress the side of the ribcage,
and can cause a tear in the diaphragm rib attachements, and
even the transverse rupture of the diaphragm (Boulanger
et al., 1993). Serious slowdown pinching to diaphragm results
in increase inter-abdominal pressure by ten time or more and
if the the patient holds his/her breadth and contracts the
abdominal wall during impact can cause severe diaphragm
injury (Favre et al., 2005).There is a lack of proper constitutive
model to model rupture of soft tissues reported in literature
and this applies to diaphragm injuries as well. In order to
accurately predict the rupture injuries in diaphragm, it is
necessary to investigate the tensile mechanical properties of
human diaphragm subjected at various strain rates. However,
to the author's knowledge, there is no dynamic uniaxial or
biaxial test data for diaphragm available in literature. Thus,
the main objective of this study is to quantify the uniaxial
tensile material properties of human diaphragm at various
strain rates, i.e. up to 200/s.
2. Material and methods

2.1. Sample preparation

Uniaxial tensile tests were performed on 6 human diaphragm
obtained from un-embalmed post mortem human subjects
received from the All India Institute of Medical Sciences
(AIIMS) and Jai Prakash Narayan Apex Trauma Centre, New
Delhi after clearance from a duly approved ethics committee.
Each specimen was obtained within 36–48 h of death. Subject
gender, weight, age and height were documented (Table 1).
Diaphragm samples were obtained from the right side of the
body, particularly from the region near the upper right
portion of the liver and were then stored at �20 1C prior to
test. Before preparation and testing the specimens were
thawed at room temperature in buffered saline solution for
two hours.

The common specimen shapes that have been used for
tensile testing of soft tissues are rectangular (strip) (Chawla
et al., 2005; Christensen et al., 2015; Gao and Desai, 2010;



Table 1 – Subject information.

Human no Gender Age (years) Weight (kg) Height (cm)

1 Male 38 59 162
2 Male 55 60 155
3 Male 65 63 165
4 Male 45 NA 150
5 Male 60 50 158
6 Male 58 50 154

*NA – Not available.
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Warhatkar et al., 2009) and dogbone shapes (Assari et al.,

2014.; Duprey, 2008; Gallagher et al., 2012; Manoogian et al.,

2008; Mattucci et al., 2012). Rectangular samples were used

based on preliminary data from a separate set of goat

diaphragm tissue using identical tensile test settings which

showed consistent breakage at the midpoint in gauge length

of the tissue (data not shown). Using dogbone shape speci-

men may induce disruptive effects on the continuity of fibres

along the length at sites where change in cross-sectional area

occurs. Employing a uniform rectangular strip ensures that

the irregularities of the stress/strain fields are only limited to

gripping effects. Therefore, to ensure consistency and ease in

tissue preparation, rectangular samples have therefore been

used in this study instead of dog-bone shaped samples.
Fig. 2 – (a) Measurement of specimen length, (b) final sample fo
(d) diaphragm specimen within cryogenic grippers (enlarged vie
Rectangular samples were obtained from diaphragm

sheets using surgical scalpel (as shown in Fig. 2(a)–(d)). The

width and length of the specimen was measured at four

consecutive points. The thickness of the diaphragm mem-

brane was measured at four random points using a caliper.

The average thickness of diaphragm specimen recorded is

2.2570.5 mm. Specimen's details have been documented in

Table 2. To ensure a shear free deformation and rupture of

tissue within the gauge length of the specimen, an aspect

ratio (AR corresponds to the gauge length divided by the

width of the specimen) of 2 is suggested in literature (Duprey,

2008) for tensile testing of soft tissues. However, most

experimental studies on tensile testing of soft tissues, to

name a few (Assari et al., 2014; Christensen et al., 2015;

Duprey, 2008; Egorov et al., 2002; Kemper et al., 2012, 2010;

Manoogian et al., 2008; Ottenio et al., 2015; Rashid et al., 2014;

Snedeker et al., 2005a, 2005b) have used aspect ratio between

1.3–2.5 for different body organs. Hence, an average aspect

ratio of 1.9 is used in our tests to ensure uniform stress-strain

field within the gauge length of the specimen.. After prepara-

tion, the samples were immersed in a saline solution at room

temperature (24 1C). Time between sample preparation and

tensile testing never exceeded 1 h. The tensile testing setups

and sample preparation methodology was standardized by

conducting quasi-static and dynamic tensile tests on goat

diaphragm samples.
r testing, (c) specimen mounted on tensile testing setup and
w).



Table 2 – Test matrix for human diaphragm used in quasi-static and dynamic tensile tests.

S. no Test Id Strain rate Av. thickness Av. width Gauge length C.S. area
(/s) (mm) (mm) (mm) (mm2)

1 HD1-01 0.001 2.55 20 38 51
2 HD1-02 0.001 2.69 22 30 59.74
3 HD1-03 0.001 2.58 24 35 63.08
4 HD1-04 0.001 2.61 23 30 61.22
5 HD2-01 68 2.52 22 44 57.27
6 HD2-02 (F) 65 3.5 21 46 76
7 HD2-03 69 2.36 20 37 47.2
8 HD2-04 130 2.23 20 40 44.6
9 HD2-05 67.56 2.65 20 37 53.1
10 HD2-06 136 3.2 20 33 64.1
11 HD2-07 125 2.85 18 45 51.12
12 HD2-08 (F) 190 2.3 20 30 45.4
13 HD2-09 180 2.21 18 31 39.69
14 HD3-01 190 1.53 24 27 30.85
15 HD3-02 190 1.88 21 28 38.96
16 HD3-03 (F) 190 1.7 22 30 37.82
17 HD5-01 (PR) 0.001 1.63 19 35 31.18
18 HD5-02 (PR) 0.001 1.8 16 27 29.05
19 HD5-03 0.001 1.3 17 29 22.22
20 HD5-04 130 1.9 20 34 39.21
21 HD5-06 130 2.28 23 40 52.32
22 HD6-01 190 1.6 21 35 33.2
23 HD6-02 190 1.8 24 29 42.63

(Mean7SD) 2.2570.54 1972.13 3475.6 34.34712.95

* F ¼ Failed test, PR – Premature ruptured failed specimens
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2.2. Tensile tests

Uniaxial tensile tests were performed on human diaphragm

samples on a custom designed quasi-static and dynamic

tensile system Fig. 3(a) and (b).
2.2.1. Quasi-static tensile test set-up
The quasi-static tensile test setup consists of a stepper motor

driven screw in line with a worm and worm wheel is used to

axially load the specimen. The screw can be driven at a

constant rate between 0.5 mm/min and 3.68 mm/min to

achieve a near zero strain rate. A nut transforms the rotary

motion into translation motion of the lower gripper. The
Fig. 3 – Tensile testing setups, (a) Quasi-static tensile test setup a
motor input is governed by a microcontroller with a local

console. The diaphragm specimens were held using cryo-

genic grippers with liquid nitrogen flowing through them.

Frost formed between the gripper faces and continuing into

the specimen during holds the specimen during loading

without local crushing and tears of the outer fibres. A

temperature control unit regulates the midpoint temperature

of the specimen using an on-off controlled hot air-flow. A

flexible pipe, with variable opening area was used to adjust

the flow of hot air over the gauge length of the specimen

during the test. A laser sensor (Model number OADM 2014470/

S14C, Baumer Electric) having resolution r0.3 mm, mounted

on the guide rod of static lower gripper is used to measure the
nd (b) dynamic tensile testing setup (Warhatkar et al., 2009).



Fig. 4 – Preconditioning response of one of the diaphragm
specimens.
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extension of the lower gripper during loading. A strain gauge
load cell (Model 20210, ARTECH, S beam type) was used to
measure the load on the specimen. Video recording of the
tests at 100 fps was used for further analysis.

2.2.2. Dynamic tensile test set-up
A customised dynamic tensile drop test set up can load
specimen at strain rates up to 200/s. The drop height
generates a maximum velocity of 8 m/s. A drop mass of
30.5 kg was found to be sufficient to limit the energy during
impact to 10%, or equivalently to 5% change in the velocity.
The specimens were held in the same way as in the quasi-
static tests using cryogenic grippers. A strain gauge based
transducer from ADI ARTECH with a capacity of 100 kg,
mounted on the top gripper is used to record the forces.
Two high speed motion cameras were used to record the
dynamic events. In this set up, one camera was used to zoom
into the zone between the grippers while the other camera
can be used to capture the jaw motion during the entire
duration of impact. A buffered switch triggered by the impact
was used to trigger the high speed camera and data acquisi-
tion system. It additionally synchronizes the recorded force
and displacement data and hence to identify the start of the
event recorded using data acquisition system from Dewesoft
Corporation (2007). The sampling rates used to acquire load
cell data and high speed video is 1 Sample/s and 60 frames/s
respectively in quasi-static testing and 200 k Samples/s and
20,000 frames/s respectively in dynamic testing.

2.3. Testing configuration and methodology

In order to investigate strain rate dependence, each specimen
was tested to failure at one of the four desired strain rates:
0.001 s�1, 65 s�1, 130 s�1, or 190 s�1. The procedure of mount-
ing the specimens was same for quasi-static and dynamic
tensile tests. To mount the specimens, the upper gripper
assembly was first removed from the experimental setup and
laid flat on the floor. The specimen was then aligned on the
top grip so that the main axis of the specimen coincided with
the axis of the lower gripper assembly and load train. The
specimens after being placed in the top gripper were tigh-
tened with nuts and bolts to ensure no slipping of the
specimens during loading. The top grip assembly was
attached to the experimental set up after clamping and the
specimen was then allowed to hang under gravity. By allow-
ing the specimen to hang under their own weight during the
clamping process, all the specimen had a minimal but
consistent initial preload. The hanging tissue was then
placed in the bottom gripper and clamped. Without this
procedure, the mechanical responses of each specimen could
not be directly compared due to the differences in the initial
value of strain. The determination of a consistent initial state
of strain due to the compliant nature of the soft tissues is an
important issue associated with mechanical testing of soft
tissues. In order to address this issue, some previous studies
have defined the point of “zero strain” with some arbitrary
force value (Tamura et al., 2002). However this differs in
quasistatic and dynamic tests. Thus, in order to ensure that
there is no slack in the specimen at the start of the test, the
specimen was loaded to 2 kg in both quasi-static and
dynamic tests. This condition was taken to be the zero
stress–strain state of the specimen. This was done because
preliminary tests done on goat diaphragm specimens showed
inconsistent large toe region due under varying or zero initial
specimen slack. Thus, the 2 kg preload used in the current
study provided a consistent initial load on all specimens.

In quasi-static tests, a thermocouple attached at the mid
gripper location on the soft tissue sample was used in
conjunction with a temperature control unit which was
started before the start of loading to ensure constant tem-
perature of the gauge portion of the specimen. The speci-
mens were then preconditioned at the strain for 5% for 4–5
cycles prior to testing in order to prevent the macro or micro
failure and to bring back the tissue in live state. Typical
preconditioning response on one of the human diaphragm
samples is shown in Fig. 4. The strain rate achieved in
quasistatic tests was 0.001 s�1 corresponding to load rate of
3.68 mm/min with a pulse speed of 99. In dynamic tests,
impact mass height and velocity was estimated as per as the
targeted strain rate. For strain rate of 65 s�1, the average
velocity is about 2.5 m/s, 4.5 m/s for 130 s�1 and 6.1 m/s for
190 s�1 strain rates. Based upon the available specimen
lengths, the test lengths varied between 29 mm and 46 mm
in tests. Once the specimen were mounted, side view and
front view photographs were taken. Markers placed on the
grippers and high speed video was taken during the dynamic
tests to measure the gripper to gripper displacement. Finally,
photographs of ruptured tissues were also taken to record the
failure pattern and location of failure with respect to the
gripper edges.

2.4. Data processing and analysis

In order for a test to be deemed acceptable, the location of the
failure must have occurred in the gauge length of the speci-
men. Therefore, specimens which slipped from any of the
grippers were not included in the final results. Failure was
defined either as a point at which a tear was seen in the high
speed video or as the point where the load peaked preceding
a significant decrease in load. Unfiltered force displacement
data from both quasi-static and dynamic test data were
obtained and processed. Gripper to gripper strain was quan-
tified by first tracking the markers placed on the grippers
throughout the duration of the test using image tracking
software (Motion Studio, Integrated Design Tools Inc). The



Fig. 5 – High speed video stills of a typical uniaxial dynamic tensile test.

Fig. 6 – Stress vs. strain curves for quasi-static strain rate.
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load elongation curve was derived to obtain the stress-strain
relationship. Assuming diaphragm to be an incompressible
material and for small deformations, true stress and true
strain values can be computed. However, both these assump-
tions are not valid in this case. The current work therefore
uses engineering stress and engineering strain values. In the
past researchers working on mechanical properties of soft
tissues have used different stress–strain definition. (Gundiah
et al., 2007; He and Roach, 1994; Raghavan et al.,1996;
Thubrikar et al., 2001; Vorp et al., 2003), to name a few have
used true stress versus engineering strain. (Chawla et al.,
2006; Choudhury et al., 2009; Sokolis, 2007) on the other hand
have used engineering stress versus engineering strain.
Mohan and Melvin (1982) emphasised the importance of
using true stress–strain definition for soft tissue testing, but
recording true stress and true strain remains a concern.

The quasi-static and dynamic material properties of
human diaphragm were then estimated by fitting a bilinear
curve in the stress-strain curve obtained. The bilinear fit was
obtained in MatlabTM by minimising the root mean square of
the error between the experimental and the approximated
line using least square method.
Fig. 7 – Stress vs. strain curve for 65/s strain rate.
3. Results and discussion

To the authors' knowledge, the current study is the first study
to quantify the mechanical response of the human dia-
phragm tissue in tensile loading at strain rates up to 200/s.
Uniaxial tensile tests were performed on 23 samples of
human diaphragm tissue at strain rates ranging from 0.001
to 190 s�1. Out of the 23 tests, a total of 18 tests were
successful and the specimens had a rupture within the gauge
length of the rectangular specimens (Fig. 5). The other tests
have not been reported due to one or more recording device
not triggering or premature failure of the specimen during
testing. The stress versus strain curves from the specimens
which failed in the gauge length are shown in Fig. 6–9.These
curves show that the tensile response of human diaphragm
was non-linear at all strain rates. The average failure stress,
average failure strain and average strain rate are tabulated in
Table 3. These parameters for all the tests are tabulated in the
(Tables 4–7). The results show that the response of dia-
phragm in tensile loading is non-linear and varies with
respect to strain rate (Table 3). Specifically, the failure stress
was found to increase with the increase in strain rate which
is in accordence with the property of viscoelastic material.
Conversely, the average failure strain was found to be
decrease with increase in strain rate uptill 65/s strain rate
and then increases upto 190/s strain rate. However,



j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 6 0 ( 2 0 1 6 ) 6 0 3 – 6 1 6610
significant difference was not observed at high strain rates,

i.e. 130/s and 190/s for either failure stress or failure strain.
The elastic region of the stress strain response observed

can be approximated by using bilinear curve as shown in
Fig. 9 – Stress vs. strain Curves for 190/s strain rate.

Fig. 8 – Stress vs. strain Curves for 130/s strain rate.

Table 3 – Averages and standard deviations by
strain rate.

Strain rate Average strain
rate

Average failure
stress

Average failure
strain

(/s) (MPa) (%)

Rate 1 0.001 1.17 (70.73) 22.35(72.35)
Rate 2 66 (71.65) 2.53(70.16) 12.19(70.67)
Rate 3 130 (73.90) 3.98(71.84) 22.92(75.27)
Rate 4 188 (74.72) 4.1(72.78) 24.62 (76.30)

Table 4 – Mechanical properties for diaphragm at quasi-static

S. no Test Id Strain rate Toe modulus Elastic
(/s) (MPa) (MPa)

1 HD1-01 1.00E�03 0.82 9.4
2 HD1-02 1.00E�03 0.069 1.79
3 HD1-03 1.00E�03 0.38 5.71
4 HD1-04 1.00E�03 0.111 6.79
5 HD5-03 1.00E�03 1.27 33.88

Mean7SD 1.00E�03 0.5370.46 11.517
Fig. 10. This is consistent with Fung (1975) that says that the
modulus in the toe region, should also be taken into account
as the toe region is usually the physiological range in which
the soft tissue normally functions. Several authors have used
bilinear model to approximate non-linear stress–strain
curves (Lake et al., 2009; Mattucci et al., 2012; Mohammadi
et al., 2009; Snedeker et al., 2005a; Warhatkar et al., 2009;
Zhang and Kassab, 2007) to name a few. These studies have
used the notion of the toe modulus to represent the physio-
logical range and the elastic modulus thereafter for a range of
body organs. Hence, a bilinear stress strain behaviour has
been used in the current work to capture the non-linear
behaviour of human diaphragm tissue. The bilinear fit was
obtained in MatlabTM by minimising the root mean square of
the error between the experimental and the approximated
line using least square method. The bilinear fits obtained for
stress-strain curves are is shown in Figs. 11–14 for the
different strain rates. These curves are characterized by a
low stiffness “toe” region, which is approximately up to 8.59–
14% engineering strain. Thereafter, the modulus increases, an
effect which can be attributed to progressive fibres recruit-
ment. Once the fibres are recruited, the curve becomes linear.
This linear behaviour continues until just before tissue
rupture. The bilinear material curves observed in both
quasi-static and dynamic tests were reduced to the charac-
teristics material parameters: Toe modulus (E1), Elastic mod-
ulus (E2), Failure Stress (sf Þ, Failure strain ϵfð Þ and Toe strain
ðϵtÞ: These parameters were observed for their dependence on
strain rate.

It is observed from Fig. 6, that the diaphragm specimens
exhibit non-linear behaviour in quasi-static loading with a
significant toe region. The elastic modulus under quasi-static
conditions was noted to be 11.5711.44 MPa. The failure stress
and failure strain were observed to be 1.1770.53 MPa and
22.572.5% respectively. The failure stress observed for dia-
phragm specimens (HD1-01, HD1-02, HD1-03 and HD1-04)
was observed to be between 0.2 MPa and 1.4 MPa, however
the failure stress recorded for specimen (HD5-03) was
2.53 MPa which was quite high as compared to other three
specimens. The modulus for this specimen was also higher
than that for others. However, no significant difference was
observed in case of failure strain in these specimens. This
variation in failure stress and modulus could be because of
inherent variations in properties of tissues amongst donors.
More extensive tests would need to be conducted to char-
acterize these variations. Additionally, the response has a
distinct toe region which in quasi-static tests is up to about
8–12.5% strain. The average toe strain at quasi-static strain
rate is 10.471.98%. A similar trend in toe region is observed in
strain rate.

modulus Toe strain Failure strain Failure stress
(%) (%) (MPa)

8.13 21.77 1.35
9.86 21.04 0.21
12.83 25.84 0.8
8.71 24.64 1.09
12.74 19.45 2.43

11.44 10.4571.98 22.5572.35 1.1770.73



Table 5 – Dynamic mechanical properties of human diaphragm at 65/s strain rate.

S. no Test Id Strain rate Toe modulus Elastic modulus Toe strain Failure strain Failure stress
(/s) (MPa) (MPa) (%) (%) (MPa)

1 HD2-01 65 6.1 56.1 9.21 13.06 2.68
2 HD2-03 65 1.4 86.71 8.56 11.43 2.61
3 HD2-05 67.86 1.51 51 7.76 12.09 2.32

Mean7SD 6671.65 3.072.19 64.6715.76 8.5970.59 12.1970.67 2.5370.16

Table 6 – Dynamic mechanical properties of human diaphragm at 130/s strain rate.

S. no Test Id Strain rate Toe modulus Elastic modulus Toe strain Failure strain Failure stress
(/s) (MPa) (MPa) (%) (%) (MPa)

1 HD2-04 130 1.51 69.03 21 28.83 5.60
2 HD2-06 136 1.62 79 14.71 20.69 4.85
3 HD2-07 125 0.1924 31.11 9.24 20.37 1.35
4 HD5-04 130 4.04 28.6 8.04 16.76 2.82
5 HD5-06 130 1.51 42.77 14.72 28.11 5.4

Mean7SD 130.273.90 1.7771.40 50.10722.74 13.5475.18 22.9575.27 4.0071.84

Table 7 – Dynamic mechanical properties of human diaphragm at 190/s strain rate.

S. no Test Id Strain rate Toe modulus Elastic modulus Toe strain Failure strain Failure stress
(/s) (MPa) (MPa) (%) (%) (MPa)

1 HD2-09 180 2.13 84.62 20.14 30.04 9.10
2 HD3-01 190 1.96 18.32 7.48 20.41 2.52
3 HD3-02 192 2.43 49.31 25.36 34.2 5
4 HD6-01 190 0.6107 14.4 6.9 18.75 1.75
5 HD6-02 190 1.4 18.76 10.75 19.69 1.83

Mean7SD 188.474.72 1.7170.70 37.10726.88 14.1277.35 24.6276.29 4.1072.78

Fig. 10 – Example bilinear curve fit of diaphragm stress-
strain tensile data; arrows indicate the zero, transition and
linear strain values.

Fig. 11 – Bilinear curves for 0.001/s strain rate.
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case of dynamic tests as well. The toe strain noted in
dynamic strain rates was 8.5970.59% for 65/s, 13.5475.18%
at 130/s and 14.1277.35% for 190/s strain rates. The toe strain
was observed to decrease up to 8.59% for 65 strain rate which
increased to 13.54% for 130 and 14.12% at 190 strain rate
which again proves that there is an increase in toe strain with
strain rates. The failure stress for diaphragm tissue at 65/s
strain was observed to be 2.68 MPa, 2.6 MPa and 2.32 MPa. In
one test each conducted at 65 and 130/s strain rates, a slight

negative dip of engineering stresses is observed (HD2-03 at

65/s, HD2-04 at 130/s, which could be because of experimental

variations or signal processing issues. The average failure

stress is 3.98 MPa for 130/s strain rate and 4.10 MPa at 190/s

strain rate. A low value of failure stress of 1.35 MPa, 1.75 MPa

and 1.83 MPa was noted in some cases of 130/s and 190/s

strain rate respectively. This variation in case of failure stress

could be because of variations in properties of tissues



Fig. 12 – Bilinear curves for 65/s strain rate.

Fig. 13 – Bilinear fit for 130/s strain rate.

Fig. 14 – Bilinear fit for 190/s strain rate.

Fig. 15 – Stress strain plot of quasi-static test (HD1-04).
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amongst donors. The failure stress observed to have
increased with the increase in strain rate which is in
accordance with the property of viscoelastic material. How-
ever, a substantial difference in failure strain is being noted.
The average failure strain at 65/s strain rate was observed to
be 12.2% at 65/s, 22.95% at 130/s strain rate and 24.62% for
190/s strain rate. In one of the tests conducted at 190/s strain
rate, the failure strain was observed to be around 34%. Also, a
slight differences in the failure stain values at 130/s and 190/s
strain rate is also noted. The difference in such a variation
could be due to internal fibres bearing load for a longer
duration and then got ruptured immediately. As stated ear-
lier, more extensive tests would need to be conducted to
characterize these variations.

In both the quasi-static and dynamic tests the diaphragm
specimen have exhibited a peak stress which is assumed to
be the failure stress. At this failure point, the diaphragm
undergoes a partial failure, not a complete rupture of the
tissue. In some of the tests, the failure at failure stress point
is not visible from surface observations. A typical complete
stress–strain curve is shown in Fig. 15 (that corresponds to
the test HD1-04) so as to explain the sequence of loading to
failure of diaphragm tissue. In this curve, stress peaks at
point “A”. At this point, a few fibres of diaphragm are seen to
fail. From point B to C, further rupture takes place which is
accompanied by a sudden sharp drop in load. Multiple dips in
the stress strain curve indicate selective failure of diaphragm
fibres in different stages. This is probable because of non-
uniform stress and strain in the individual fibres across the
width of the specimen. Fibres of the diaphragm fail in groups
at different locations along the gauge length and width of the
specimen. Because of this, the rupture of the diaphragm does
not happen suddenly but happens progressively after point
“A”. From these tests it is also noted that the failure occurred
away from the cryogenic grippers. This proves a point that
the holding devices did not induce the rupture of diaphragm.

The reduced material parameters as a result of bilinear fit
explained above were analysed to identify the influence of
strain rate on the mechanical behaviour of this tissue. The
apparent toe modulus, elastic modulus, failure stress, toe
strain, failure strain along with their average values for each
strain rate are tabulated in (Tables 4–7). Tables 4–7 show that
with increasing strain rate the failure stress stresses
increases and failure strain increases significantly with
increased strain rate. The trend observed in failure strain
was not significant between all loading rates in the current
study, in the current study, however, it does indicate that the
strain rate dependency should be taken into account when
developing material models or injury thresholds for soft
tissues. The results of the tests show that the response of
the human diaphragm in tensile loading is nonlinear. The
variation of elastic modulus, failure stress and failures strain
with respect to strain rate is shown in Fig. 16. It can be



Fig. 16 – (a) Failure stress and failure strain variation and
(b) Young's Modulus variation wrt strain rate.

Table 8 – Effective failure strain in the different tests.

Serial no. Test Id Strain
rate(/s)

Toe
strain

Final
strain (%)

Effective
failure strain

(%)

Quasi-static tensile tests
1 HD1-01 1.00E-03 8.13 21.77 13.64
2 HD1-02 1.00E-03 9.86 21.04 11.18
3 HD1-03 1.00E-03 12.83 25.84 13.01
4 HD1-04 1.00E-03 8.71 24.64 15.93
5 HD5-03 1.00E-03 12.74 19.45 6.71
Dynamic tensile tests
1 HD2-01 65 9.21 13.06 3.85
2 HD2-03 65 8.56 11.43. 2.87
3 HD2-05 67.86 7.75 12.10 4.33
4 HD2-04 125 9.24 20.37 11.13
5 HD2-06 130 21 28.83 7.83
6 HD2-07 130 8.04 16.76 8.72
7 HD5-04 130 14.72 28.11 13.39
8 HD5-06 136 14.71 20.70 5.98
9 HD2-09 180 20.14 30.04 10
10 HD3-01 190 10.75 19.69 8.94
11 HD3-02 192 25.36 34.2 8.84
12 HD6-01 190 7.48 20.41 12.93
13 HD6-02 192 6.9 18.75 11.85

Table 9 – Average effective failure strain and standard
deviation at different strain rates.

Strain rate Av. effective failure strain
(/s)

Quasi-static tensile test
1.00E�03 12.09 (73.08)
Dynamic tensile test
65 3.70 (70.60)
130 9.65 (72.60)
190 10.51 (71.62)
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observed from above Fig. 16(b) that the value of Young's
Modulus varies between 11 MPa and 64.6 MPa with increasing
trend upto 65/s strain rate and further decreases to 38 MPa at
190/s strain rate. This could be because of regional variation
in mechanical properties of human diaphragm. This would,
however, be investigated when more data is available in near
future. In addition, the results show that diaphragm tissue
exhibits viscoelasticity in tensile loading. Specifically, the
failure stress was found to significantly increase with
increased strain rate and the failure strain was found to vary
marginally with increase in strain rate. The failure strain in
case of quasi-static tests was recorded as 22% which
decreases subsequently to 12.25% at 65/s and then increases
to 24.6% at 190/s strain rate. The variation in failure strain can
be quantified more reliably by performing more tests on
human diaphragm.

From the above stress–strain curves of human dia-
phragm, a significant toe region is seen in quasistatic as
well as dynamic tests. However a large variation is seen in
the toe region. The variation in toe strain can be expected on
account of experimental variations in initial load/precondi-
tioning and specimen dimensions like thickness and width
and variations in the initial orientations of the fibres and in
their initial slack. It was therefore decided to ignore the toe
region, and examine the modulus only in the next region.
Effective failure strain was then defined as the failure strain
minus the toe strain. The effective failure strain is tabulated
in Table 8 for all the tests. Table 9 shows the average failure
strain (and its standard deviation) at different strain rates.
Thus, Young's modulus as shown in Fig. 16(b) and effective
failure strain as in Table 4 are recommended. This corre-
sponds to a Young's Modulus of 12 MPa under quasi-static
conditions, 64.6 MPa at a strain rate of 65/s, 50.10 MPa at a
strain rate of 130/s and 38 MPa at a strain rate of 190/s; and
an effective failure strain of 12.09%, 4%, 9.4% and 10.49% at
these strain rates respectively.
4. Conclusion

This study presented a total of 18 uniaxial tensile tests
conducted at four strain rates (up to 200/s) on fresh speci-
mens of human diaphragm. Each specimen was tested until
failure at one of the four strain rates (1e-3s�1, 65 s�1, 130 s�1

and 190 s�1) using custom developed uniaxial quasistatic and
dynamic tensile test set-ups. The data from the study showed
that the response of human diaphragm in tension is non-
linear and strain rate dependent, with higher rate giving
higher values of failure stress and failure strains. While the
failure stress ranged from 1.17 MPa to 4.10 MPa and the
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effective failure strains ranged from 3.79 to 12%, the elastic
modulus changed from 12 MPa under quasi-static conditions
to about 38 MPa at strain rates of 190/s. The loading curves
exhibit multilinear behaviour (bilinear fit is being assumed).
In summary, this study tries to provide biomechanical data
that can be useful in the development of strain rate depen-
dent material models and tissue level tolerance values to
evaluate the injury risk in automotive collisions using human
body finite element models.
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