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The Passive Response of Skeletal Muscle to Compressive Impact Loading
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Abstract

Appropriate mechanical representation of passive muscle tissue is crucial for human body impact
modelling. This requires an understanding of the deformation behaviour of the tissue. Existing data
mostly relate to uniaxial compression tests at normalized strain rates of between 0.05%/s and 3200%/s
and Split Hopkinson bar tests at normalized strain rates of above 54,000%/s. Thus data on fresh tissue
in both the fibre and cross-fibre direction at normalized strain rates relevant to automotive accidents
are needed. In this paper results of compressive loading of freshly slaughtered porcine muscle
samples using a drop-tower testing rig are reported. Fibre and cross-fibre compression tests at strain
rates varying from 11,600%/s to 37,800%/s were performed. Results show a nonlinear stress-stretch
relationship as well as a clear rate dependency. The mean (standard deviation) engineering stress in
the fibre direction at a stretch of 0.7 was 22.03kPa (1.5kPa) at a strain rate of 22,000%/s and 37.06kPa
(3.0kPa) at 37,800%/s. For the cross-fibre direction, the equivalent engineering stresses were 5.95kPa
(0.6kPa) at 11,600%/s, 25.88kPa (5.3kPa) at 22,000%/s and 43.68kPa (1.4kPa) at 37,800%!/s.
However, significant local strain variations and an average of 8% mass loss were observed,
highlighting the difficulties in these kinds of tests.
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I. INTRODUCTION

Skeletal muscle accounts for about 40% of body mass [1, 2] and an understanding of its
deformation properties is therefore very important for impact biomechanics research. However, the
three dimensional compressive properties of fresh skeletal muscle at rates experienced during typical
sports and automotive impacts are not well understood [3], and tissues tested after the onset of rigor
mortis behave significantly differently [4].Therefore, although finite element human body models
including muscle tissue are routinely used in impact biomechanics research, their utility remains limited
mainly by uncertainties in the constitutive representation of the soft tissues. Accordingly, measuring the
rate dependent compressive properties of skeletal muscle is an important research goal and is the
focus of this paper.

Skeletal muscle is composed of about 70-80% water, 3% fat and 10% collagen [5]. It exhibits a
fibre-oriented structure, with each muscle composed of fascicles containing bundles of fibres which
themselves are composed of parallel bundles of myofibrils. There is a dense network of connective
tissues which surrounds groups of fibres and this too has a hierarchical structure. Epimysium
surrounds the whole muscle, perimysium surrounds bundles of muscle fibres and endomysium
surrounds each muscle fibre individually. Arising from this structure, skeletal muscle presents a
nonlinear elastic, non-homogeneous, anisotropic and viscoelastic behaviour [3, 4].

Tests on fresh animal tissue at very low strain rates (approx. 0.05%/s) have shown that the
compressive stress response in skeletal muscle depends on the strain rate [6-10] and on the angle
between the fibre orientation and the loading direction [4, 6, 11]. Van Sligtenhorst et al investigated the
compressive behaviour of bovine skeletal muscle samples at 10%/s, 100000%/s, 1700s™ and
230000%/s strain rates [10], and observed a stiffness response that was highly dependent on the
applied strain rate. Dhaliwal et al performed high impact testing experiments using cadavers [12] and
volunteer tests on the lower limb [12, 13] have been performed, but it was not possible to extract
stress-strain data by this method.

[14] performed compressive impact tests but they used surgical scraps of human tissue which had
been frozen and then thawed and the state of rigor mortis is unfortunately unknown in those tests.
Furthermore, they tested only in the cross-fibre direction and did not report quasi-static results so that
the evolution of strain rate effects cannot be readily assessed.
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Overall, existing data on fresh tissue free from rigor mortis mostly relate to uniaxial compression
tests (ramp or cyclic about a mean compression level) on animal tissue at normalized strain rates of
between 0.05%/s and 3200%/s [4, 15] and split Hopkinson bar tests carried out in experiments with
strain rates above 54,000%s-1 [8, 10].

For a typical vehicle frontal impact at 48km/h, soft tissue strain rates in the region of 25,000%/s
may be expected [3], but comparable experimental data relating to the stress strain behaviour of fresh
muscle tissue in both the fibre and cross-fibre direction at these rates are not available. Accordingly,
this paper reports on experimental characterisation of the passive skeletal muscle mechanical
properties in compression at strain rates corresponding to 11,600%s™, 22,000%s™ and 37,800%s
using freshly harvested porcine tissue of a defined geometric shape. To achieve this, an instrumented
custom-designed drop-tower testing rig was constructed to apply soft tissue deformation and measure
deformation loads using high-speed video analysis of marker dots on the tissue.

II. METHODS

Experimental Rig

A custom rig was constructed to compress cuboid muscle samples (vertical height approximately
1cm) between two platens, see Fig. 1. The lower platen is stationary and connected to the base of the
rig through a force transducer (PCB Piezotronics 208C04, see Fig. 2). The upper platen is connected
to a falling mass plate to deliver dynamic deformation of the samples. The aluminium falling mass plate
was designed to slide down two 10mm diameter parallel silver steel rods, which were held vertical and
parallel by constructing a frame that maintained the rods in significant tension during testing. The
falling mass plate slides over the silver steel rods via custom-made PTFE bearings. Bearing alignment
plates were used to allow for fine-tuning (see Fig. 1). An accelerometer (PCB Piezotronics 353B03),
see Fig. 2) was mounted on top of the falling mass plate to measure acceleration, see Fig. 1 and Fig.
2. A second force transducer (PCB Piezotronics 208C04) was mounted between the falling mass plate
and the upper platen, see Fig. 2. The tissue specimens were placed on the bottom platen (Fig. 3).

The force transducers and the accelerometer were connected to a data acquisition PC and data
were logged using Labview. A high speed camera (Mikrotron HiSpec) was used to capture specimen
deformation. Labview was used to control and monitor the accelerometer signal and a rising edge
signal was used to trigger data acquisition. The transducer signals were sampled at 25 kHz and the
high speed video was sampled at 10KHz.

Accelerometer

Falling Mass
Plate

alignment plates

PTFE bearing

Bottom plate Bottomforce transducer Muscle sample

Figure 1. Schematic of the bottom part of the testing rig, the strain control plates are excluded for
clarity.

The maximum compressive deformation was controlled by a strain control plate (Fig. 3), which
allowed the gap between the platens to be adjusted to the maximum deformation required while
preventing complete destruction of the samples. For the tests reported here, the gap was set at 50% of
the sample height after which the falling mass plate struck the strain control plate. The design ensures
the overall sample deformation rate is effectively constant between first contact of the falling mass
plate with the tissue and contact of the falling mass plate with the strain control plate.
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Figure 1. The drop tower testing rig with the bottom part where the tissue impact loading takes place
magnified on the right image.
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Figure 2. Drop test rig illustration, showing the strain control plate and how it controls the selected
compression

Specimen Preparation

Freshly harvested porcine Longissimus dorsi samples were prepared from 3 month old pigs to
produce approximately cuboid samples. Samples were compressed either in the cross-fibre
(compression applied to face A or C) or the fibre direction (compression applied to face B), see Fig. 4a.
The sample height for all tests was approximately 10mm and nominally cubic samples were used for
the cross-fibre direction tests. For the fibre direction tests, the width and depth were set to
approximately 20mm to reduce the buckling effects [4, 10, 16]. Producing cubic samples is very difficult
given the very low stiffness of fresh skeletal muscle tissue. Testing was performed within 2 hours after
the death of the animal to avoid the effects of rigor mortis [4].

Data Analysis

Each specimen was marked with 9 dots painted on a side face of the samples prior to testing (using a
black fine line waterproof pen (Mitsibishi, Uni-ball eye) as shown in Fig. 4B. The deformation of the
marker dots was then tracked using Matlab-based image analysis methods [17]. The strain for the
overall deformation of the specimen was obtained using the platen displacement from the video data.
For local deformations within the samples, the region of interest shown in Fig. 4B was divided into 6
sub-regions as labelled and the local stretch ratios (A) were calculated by dividing the current height
(L1) by the original height (LO):

Ly
Lo

A= (1)
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Engineering stress (o) is presented in favour of Cauchy stress , as the deformation was found to be not
uniformly distributed from top to bottom, and this was found by dividing the force by the original cross-

sectional area:

2

"

10mm

R

A B
Figure 3A. Specimens illustrating the cross-fibre, fibre and 45 degrees to the fibre direction. The
surfaces are marked A (cross-fibre direction), B (fibres direction) and C (cross-fibre direction). Fig.
4B shows schematic regions of interest used during image strain analysis.

Testing Matrix
A total of thirty one compressive impact tests were performed at different strain rates in the fibre and

cross-fibre direction as shown in Table 1.

TABLE |
The tissue testing matrix
Testing Specimen Impact Avg Strain Rate
Direction Qty Velocity m/s Specimen %ls
height
Cross-Fibre 4 1.16 10.03+ 0.21 11600
Cross-Fibre 12 2.2 9.78 +0.44 22000
Cross-Fibre 5 3.78 10.29+ 0.36 37800
Fibre 5 2.2 20.23+ 0.38 2200
Fibre 5 3.78 20.03+ 0.44 37800
lll. RESULTS

Due to the volume of data generated, typical results are shown in detail first and then a statistical
description of the variability is presented. Analysis was carried out to verify that the applied strain rate
is constant over the very small distances relevant to the sample compression. Fig. 5 shows that the
platen displacement is effectively constant after tissue compression commences at approx. 1.1ms,
thereby ensuring and effectively constant strain rate during the tests.
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Figure 4: Upper compression platen displacement time history

Fig. 6 shows a typical time history sequence of the upper and lower force transducers and the applied
load approximated using the accelerometer signal (unfiltered) by combining it with the mass of the
falling plate. The upper force transducer curve presented is inertia-compensated to account for the
mass of the upper platen. It can be seen that, up to the time of peak sample compression around
1.6ms, the three force estimates are very similar, which seems to show that the force is equilibrated
throughout the sample during compression.

3

Force (N)

|| ==Corrected Upper Force Transducer
Lower Force Transducer H
0.5 === Estimate Force From Accelerometer - oo i b S

03 0.5 7 15 2 25
Time(ms)

Figure 6. Typical accelerometer and force transducer results (the corrected upper transducer
reading accounts for the platen inertia)

A typical cross-fibre direction specimen deformation during compression is presented in Fig. 7 (ie
compression applied to cut face C in Fig 4A). The first row (R1) shows a camera view on a face
perpendicular to the muscle fibres (face B in fig. 4A). The middle row (R2) shows a camera view on a
face parallel to the muscle fibres (face A in fig. 4A). Since only one high speed camera was available,
the first row and second row in Fig. 7 represent images from tests on different samples. The bottom
row shows the capability of the Matlab code in tracking the marker centres initially (R3a) and at the end
(R3b). The initial (red plus symbol) and final (blue circle symbol) marker locations are overlaid on the
undeformed image in R3c.

Typical within-specimen strain variation for cross-fibre direction compression (compression applied to
cut face C in Fig 4A) is shown in Fig. 8 and Fig. 9, with the strains found from tracking the dots located
on a cut face perpendicular (surface B in Fig. 4A) and parallel (surface A in Fig. 4A) to the fibres
respectively. Since each sample was tested only once, Fig. 8 and Fig. 9 represent tests on different
samples. Assuming a uniform strain based on the platen displacement and a uniform stress distribution
throughout the cross-section of the sample at each time point, nominal Stress-stretch ratio curves were
derived for comparison with other published work, see Fig. 10 and Fig. 11 for the cross-fibre and fibre
directions respectively.
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Y

Figure 5. Sample deformation sequences. The first row (R1) shows the cross-fibre surface
(marked B in fig. 4A) during the experimental testing. The middle row (R2) shows the cross-fibre
surface (marked A in fig. 4A). The First row and second row came from different samples. The
bottom row shows the capability of the Matlab code in finding the marker centres initially (R3a)
and at the end (R3b). The initial and final marker locations are overlaid on the undeformed
image in R3c.
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Figure 6. Typical strain variation within the regions of interest for cross-fibre direction testing.
Rows 1 to 3 show the strain variation of the left, middle and right column (see Fig. 4B)

respectively as observed from a cut face parallel to the muscle fibre direction (Marked as A in
Fig.4A).
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Figure 7. Typical strain variation within the regions of interest for cross-fibre direction testing.
Rows 1 to 3 show the strain variation of the left, middle and right column (see Fig. 4B)
respectively as observed from a cut face perpendicular to the muscle fibre direction (Marked

as B in Fig.4A).
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Figure 8: Nominal Stress-stretch ratio curves of the porcine skeletal muscle tissue for loading in
the cross-fibre direction (ie when the loading is perpendicular to the fibre direction).
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Figure 9: Nominal Stress-stretch ratio curves of the porcine skeletal muscle tissue in the fibre
direction (ie when the loading is parallel to the muscle fibre direction).

IV. DiscuUssION

The goal of this work was to perform dynamic uniaxial compressive tests on uniformly shaped samples
of freshly harvested skeletal muscle tissue in both the fibre and cross-fibre direction at rates relevant to
automotive injuries. However, as can be seen from Fig 7 (R1a), preparation of uniform samples is
difficult due to the extremely soft nature of the tissue which deformed significantly even under its own
weight. Accordingly, Fig. 7 shows that some shearing as well as axial compression occurred during the
sample deformation. This is the result of a number of factors including the difficulty in preparing cubic
specimens, the interaction of the microstructural components of solid matrix and fluid and the impact
nature of the applied deformation. These results are evident from the strain time histories in the
different regions presented in Fig. 8 and Fig. 9. Nonetheless, these kinds of tests appear to be the
closest we can get to pure uniaxial compression for these tissues.
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The marker tracking software was found to successfully locate the displacement of the nine dots on
the images, see Fig. 7 (R3), and this provided a reliable local strain measure. The resulting strain time
history data presented for Fig. 8 and Fig. 9 are typical individual specimen results for cross-fibre
direction impacts.

Fig. 8 shows the typical evolution of strain in the different regions of the sample as a function of time
for the cross-fibre direction tests when viewed orthogonal to the muscle fibres (A in Fig 4A). It can be
seen that the strain in the upper regions is initially greater than in the lower regions, but this equalizes
towards the end of the test. Furthermore, the strain is greater at the left and right edges than in the
middle of the sample. This may be because fluid expulsion is easier at the free edges, and the muscle
fibres collapse earlier at these two edges. This could trap the fluid located at the specimen centre,
unless it can pass through the connective tissue matrix, and this would be consistent with lower rate
results obtained previously by our group [15], where the fluid expulsion appeared to be along rather
than across the muscle fibres. The fluid mass loss was 8% on average during the testing.

Fig. 9 shows the equivalent results for a cross-fibre direction test when viewed parallel to the muscle
fibres (B in Fig 4A). It is again evident that the strain is initially greater at the top of the sample than at
the bottom, but now the strain at the left and right edges is similar to the strain in the middle of the
sample. The result highlights the dependency of the strain on the chosen region (see Fig. 4B) and the
results are significantly different to the stretch calculated from the platen displacements.

The speed of an elastic stress wave in a fluid is around 1500m/s [18, 19]. For the sample geometries
used, this elastic stress wave would pass through the sample in microseconds and cannot be observed
in the high speed video images (sample rate 10kHz), but it may be the reason why the upper and lower
force time histories shown in Fig. 6 match well. A separate densification wave, where the tissue is seen
to collapse, was observable at a much lower speed of approximately 10m/s and is evident in the strain
time history in Fig 8 and Fig 9 and is shown schematically in Fig. 12.

Compressive
Impact Load

" Compressive
. Shock Wave

Fluid
Expulsion

Compressive
Shock Wave

Figure 10. Schematic illustration of the strain process during impact loading

Given the observation that the tissue compression moves through the sample in a wave-like manner
(the initial compression in the upper portions of the sample is greater than in the lower portions of the
sample as shown in Fig. 8 and Fig 9), it is surprising that the load measured at the top and bottom of
the sample appears to be substantially the same (when correcting for the inertia of the upper platen) up
to the time of contacting the strain control plate, see Fig 6. One explanation for the equalizing of the
force between the top and bottom of the sample could be the high fluid content in the tissue.
Nonetheless, the result is surprising since it indicates that the tissue is behaving similar to a fully
confined fluid in this respect. These equilibrated force measurements indicate that the inertia force
associated with accelerating portions of the tissue during the test are negligible.

The ultimate goal was to measure stress-stretch relationships for the tissue at strain rates relevant to
automotive impacts. Clearly, given the complex deformation behaviour observed, this can only be done
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in an average sense and more detailed inverse finite element modelling would be necessary to attempt
to extract truly local material properties. Nonetheless, the engineering stress evaluations presented in
Fig 10 & 11 do provide useful information on the dynamic deformation behaviour of fresh porcine
skeletal muscle tissue in both the fibre and cross-fibre direction at automotive impact rates. The cross-
fibre stress-stretch data presented in Fig. 10 are averages of four tests at 11,600%/s, twelve tests at
22,000%/s and five tests at 37,800%/s and the standard deviations are also shown. The fibre direction
data are averages of five repeated tests at 22,000%/s and five tests at 37,800%/s and again the
standard deviations are shown. The results show nonlinear stress-strain relationships as well as clear
stiffening with increasing strain rate, which is qualitatively similar to results from lower rate testing [4, 8,
10, 14, 15]. The stress at 30% compression was approximately 9 times higher for the strain rate of
37800%/s compared to 11600%/s, which is qualitatively similar to observations at other strain rates [4,
15, 20]. The cross-fibre direction was observed to be stiffer than the fibre response at a given strain
rate (compare Fig. 10 to Fig. 11), similar to previous observations at different rates, [4, 8, 15] but the
differences observed here between the fibre and cross-fibre direction responses were small.

Direct comparison with the frozen and then thawed human tests by Chawla et al [14] is difficult as
slightly different strain rates were used, but a broad comparison shows that the stress at a stretch of
0.7 for the cross-fibre direction tests at both 11,600%/s and at 22,000%/s was about two to three times
more compliant for the current tests than for the results of Chawla et al. This may be due to the effects
of rigor mortis on their results, as discussed earlier, but may also reflect other differences. As Chawla
et al did not test in the fibre direction, it is not possible to compare those results, and they did not
comment on fluid expulsion in their testing.

In order to assess the evolution of stress with strain rate, Van Loocke [7] used a stress normalisation
method to compare different experimental data obtained from different protocols and this is applied
again here. For each experimental protocol, the stress value from the lowest strain rate was taken as a
reference and the ratios between this value and values obtained at higher rates were calculated. The
resulting stress ratios were then combined to show the increase in stress from a reference strain rate
of 0.05%s-1 (which now gives a ratio of 1), see Fig 13. A continuous evolution by comparison with the
ramp and cyclic tests reported in the literature [3, 4, 7, 15] is evident, but the results presented here are
stiffer response than the split Hopkinson bar tests results observed by Song et al [8].
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Figure 11. Relative increase in stress with compression rate for skeletal muscle tissue. Values calculated
from tests performed by [7] and Song et al and this experiment

Overall, in this paper we have provided new three-dimensional data on the impact response of fresh

passive porcine skeletal muscle tissue at rates relevant to automotive impacts. We have tested both
the fibre and the cross-fibre direction and we have tested on fresh porcine tissue prior to the onset of
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rigor mortis. Furthermore, we have used the same tissue preparation and testing protocol as in our
earlier quasi-static testing work, and this has allowed calculation of the evolution of stress increase with
compression rate in a way that was not previously possible. Finally, we have attempted to characterize
the strain variation within the samples and the fluid behaviour within the tissue during the impact
process. To the best of our knowledge, this has not been reported before. However, it may be
premature to use this data in finite element models as the work presented here is experimental
deformation work and an appropriate material model would be required prior to implementation in
global human body models.

V. CONCLUSIONS

Freshly slaughtered cuboidal shaped porcine muscle samples were compressively impact loaded using
a custom-designed drop tower testing rig. At a stretch ratio of 0.7, the following engineering stress
responses magnitudes were observed: 5.95kPa +0.6kPa, 25.88kPa +5.3kPa and 43.68kPa (+1.4kPa)
at strain rates of 11,600%/s, 22,000%/s and 37,800%/s respectively for load applied in the cross-fibre
direction. For loading applied in the fibre direction, the following engineering stress responses
magnitudes were observed: 22.03kPa +1.5kPa and 37.06kPa +3.0kPa at strain rates of 22,000%/s
and 37,800%/s respectively. A compressive stress wave was observed to propagate downwards and
muscle fluids were ejected at the front of the wave resulting in an average sample mass loss of 8%.
For the strain rates tested, which are relevant to automotive impact cases, skeletal muscle displays a
nonlinear stress stretch relationship as well as a clear rate dependency.
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