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Abstract

Datasets obtained fromcadaveric experimentation are broadly used in the validation of finite element
models of head injury. Due to the complexity of suchmeasurements in soft tissues, experimentalists have
relied on tissue-embedded radiographic or sonomicrometry tracking markers to resolve the motion of
the tissue due to impulsive loads. Dynamic coupling of markers with the surrounding tissue has been
a previous concern, yet a thorough sensitivity investigation of marker influences on tissue deformation
has not been broadly discussed. Technological improvements to measurement precision have bolstered
confidence in acquired data, however precision is often conflated with accuracy; the inclusion of mark-
ers in the tissue may alter its natural response, resulting in a loss of accuracy associated with an altered
displacement field. To gain an understanding of how marker properties may influence the measured re-
sponse to impact, we prepared a set of ninemarker designs using a Taguchi L9 array to investigatemarker
design choice sensitivity. Each of these designs was cast into a block of tissue simulant and subjected to
repeated drop tests. Vertical displacement was measured and compared to the response of the neat
material, which contained massless tracking markers. The best performing markers had both a medium
density and medium stiffness. The results provide some design guidelines that indicate the importance
of maintaining marker:matrix density ratio below 1.75 and marker stiffness below 1.0 MPa to minimize
marker interference in tissue deformation. Overall, embedded marker properties must be considered
when measuring the dynamic response of tissue.

1 Introduction
Opticalmeasurements of deformation are becomingmore prevalent in experimentalmechanics as full-field
strain measurements can be acquired with minimal sample contact (Palanca et al., 2016). Digital image
correlation is a technique that involves tracking the motion of speckle patterns to determine displacement
and deformation fields on a deforming body (Chu et al., 1985; Schreier et al., 2009). These speckle patterns
have primarily consisted of black paint on a white background for optimal contrast. However, some studies
have used fluorescence (Hu et al., 2018), epoxy markers (Lauret et al., 2009), and cellular features (Meijer-
ing et al., 2012) for tracking displacements of biological tissues. Where spatial resolution or experimental
limitations dictate the need for a reduced marker or speckle number density, individual particle tracking
algorithms can also be used to determine deformation and strain fields (Li et al., 2016). Due to the nature
of these optical methods, this area of research is often concerned with surface deformations, as trackable
patterns can only be applied to the surface of a body. This has led to the use of markers that are essen-
tially massless. The massless marker is one whose inertia will not influence the deformation process of the
specimen subjected to dynamic loading.

In specimens with internal, and consequently visually inaccessible, regions of interest, particle tracking
techniques have been applied using radiographic markers embedded within the region (Karrholm et al.,
2006). Radiographic imaging has been used to evaluate displacement and deformation within optically
opaque materials (Synnergren et al., 1999). Under radiographic imaging, markers require sufficient den-
sity to be radiopaque; however, the concern is that marker inertia is no longer negligible when tracking
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deformation under dynamic loading events (Hardy et al., 2007; Whyte et al., 2019). Prior studies have con-
sidered inertial effects through consideration of size, average density, and mass when choosing embedded
tissue trackingmarkers (Al-Bsharat et al., 1999; Hardy et al., 2001, 2007; Guettler, 2017;Whyte et al., 2019),
but the requisite radiopaque nature of the markers provides a bound on useful monolithic materials and
marker design.

This experimental approach with embedded markers has been previously used to monitor dynamic de-
formation in cadaveric brain tissue (Al-Bsharat et al., 1999; Hardy et al., 2001, 2007; Iwaskiw et al., 2018)
to track regions of interest within the brain. Nominally neutral density markers were designed to reduce
the influence of these inertial and migratory effects (Hardy et al., 2001, 2007; Iwaskiw et al., 2018). As a
validation of the techniques, the hysteresis of marker location is used to ensure that the marker and sur-
rounding materials were optimally coupled without any marker migration. More recently, work involving a
lead author from this seminal work suggested that the density of the markers was less important than the
total mass of a given marker due to the resulting low inertia (Guettler, 2017). A recent study highlighted
the post-impact migration of certain markers within brain tissue is a valid concern (Whyte et al., 2019).
While ensuring proper coupling of the markers to surrounding materials and negligible marker migration is
important, the lack of marker migration is not necessarily a measure of ideal dynamic coupling. Other ap-
proaches to marker tracking within brain tissues have included stiff, low density sonomicrometry crystals
to improve marker tracking precision (Alshareef et al., 2018, 2020). However, marker tracking precision
does not guarantee the fidelity of dynamic marker coupling or the accuracy of a tissue deformation mea-
surement, as the presence of themarkers can significantly change the response of the surrounding tissues.
It is important to quantify and ideally minimize the error associated with introducing markers into tissue
as cadaveric data are used extensively in the validation of computational head injury models (Zhou et al.,
2019; Zhao and Ji, 2020). Although density is expected to be an important factor in ensuring high-fidelity
data, other parameters, such as marker material stiffness, geometry, and spacing may also be important
factors influencing tissue response.

This study was designed to provide a systematic analysis of the influence of marker density, stiffness, and
pattern spacing on the deformation field in a tissue simulating material. A Taguchi L-9 array was used to
develop nine unique marker designs using three design variables (Shi et al., 2014). Each of these variables
was tested at three values, corresponding to minimum, maximum, and mid-range quantities considered
for a Post-Mortem Human Subject (PMHS) head impact study, a range developed after considering past
PMHS studies (Al-Bsharat et al., 1999; Hardy et al., 2001, 2007; Guettler, 2017; Iwaskiw et al., 2018; Al-
shareef et al., 2018, 2020). To evaluate the new markers, the impact-induced displacement response of
a tissue-simulating material containing massless markers was compared to that of the same simulant ma-
terial containing the embedded markers. The objective of this investigation was to identify the influence
of mechanical properties of markers on the observed response of tissues, providing guidance for future
marker design.

2 Experimental Methods
To gain an understanding of the sensitivity of a broader set of parameters that influence tissue motion
tracking fidelity of embedded markers, we prepared a matrix of design parameters using a Taguchi L-9
array (Rao et al., 2008; Shi et al., 2014). The experimental markers were prepared according to specified
variations in density and elastic modulus (E). The experimental markers were arranged in a grid pattern,
with a specific inter-marker spacing, cast along a single midplane of a tissue-simulant block (Medical Gel
#4, Humimic Medical, Greenville, SC). The inter-marker spacing variations replicate the range of spacing
patterns achievable for ex vivo, in situ insertion for a related PMHS study. The gel blocks and marker sets
were dropped from a fixed height onto an impact surface to generate displacement fields at strain rates
similar to those achieved in PMHS impact testing (101 s−1) (Hardy et al., 2007; Zhou et al., 2019).

The gel blocks were cast within a mould measuring 152 mm X 152 mm X 45 mm (Fig. 1). These block dimen-
sionswere chosen in order tomaximize the test region given the limitations of the imaging and drop-testing
systems available at the time of testing. A total of 10 blocks were prepared, one for each of the nine new
marker designs and one for an ink-based marker (Table 1). The ink-based markers, which were essentially
massless, were used to evaluate the response of the neat material. These massless markers did not have
any X-ray attenuating properties and were observed optically during experimentation with a high-speed
camera.
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Figure 1: Dimensioned schematic of a test gel block with embedded markers. Marker patterns varied per
design parameters, however they were always centered in each plane.

2.1 Marker Preparation
The nine unique new markers were blends of a powdered contrast agent and a variety of elastomeric
binders, which were used to achieve the desired material properties. All markers were cast using the same
precision machined aluminum mould, producing a sheet of elastomeric radiopaque material, from which
2 mm diameter, 2 mm long cylindrical markers protruded. All markers were given an aspect ratio of 1;
the effects of marker aspect ratio on the directionality of marker displacement was not investigated in the
present work. Marker size and shape was chosen to provide clarity in imaging, and ease of manufacturing
and manipulation. Barium sulfate (BaSO4) was used as the contrast agent, as it is readily available in pow-
dered form and suspends well into binder materials. At the X-ray power levels used in diagnostic imaging
(25-150 keV), BaSO4 has a high mass attenuation coefficient (10< µ/ρ <100 cm2/g) (Seltzer, 1995) for a
material of its density 4.5 g/cm3, and as such is commonly used in diagnostic X-ray imaging. Three different
elastomeric binders were used to develop high, medium, and low stiffness markers.

The stiffest binder material was a 1:1 blend of Sylgard 184 and 527 (Dow Inc., E = 830 kPa), the intermediate
stiffness binder was a 1:5 blend of Sylgard 184 and 527 (E = 130 kPa)(Palchesko et al., 2012). The least stiff
binder was the same thermoplastic gel used in the tissue-simulant blocks (Gel#4, Humimic Medical) with
an estimated E ≈ 9 kPa. This value for elastic modulus was calculated from the manufacturer supplied
durometer of 11.8 (Shore 00) and Equation 1 (Larson, 2017),

E = 0.0037e0.0718s, (1)

where E is elastic modulus (MPa) and s is durometer (Shore 00) (Larson, 2017). The estimated elastic
modulus is consistent with similar conversions found in past tissue studies (Li et al., 2015).

Once placed in the mould, uncured marker preparations were degassed at - 29 mmHg to remove small air
bubbles. Markers with Sylgard-based binders were cured at room temperature, while the thermoplastic gel
markers were brought to their melt temperature during casting and allowed to cool at room temperature.
Variations in densitywere achieved by adjusting themass ratio of elastomer binder to contrast agent. Given
the random orientation of the BaSO4 particles in the elastomermatrices, the elastic moduli of the resulting
composites were calculated with the Reuss mixture model (Reuss, 1929). The mixture model indicates
an average increase in moduli of 30% for the composite material. Despite this increase, stiffness design
parameter steps remained valid as they increased 10-fold over each other, maintaining a wide parameter
space. The levels of density that were investigated were 1.05, 1.45, and 1.85 g/cm3, compared to a density
of 0.85 g/cm3 for the neat gel block material. The levels of stiffness that were investigated were 12, 170,
and 1100 kPa, compared to a stiffness of 9 kPa in the gel blockmaterial, which is comparable to the stiffness
of brain tissue (Budday et al., 2015). A summary of the marker designs, their mechanical properties, and
preparation variations are provided in Table 1.
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To produce the thermoplastic gel test blocks, two identical reusable square moulds prepared from a 1:1
blend of Sylgard 184 and 527 were cast using a mould constructed of medium density fibreboard (MDF).
These elastomeric moulds were preferred for sample preparation due to the heat resistance of the ther-
moset material. For each block, new tissue-simulating gel was melted completely by heating to 160◦C. The
liquid gel was degassed in a vacuum oven to - 29mmHg to remove entrapped air, then poured intomoulds,
stopping at the half-way mark in order to create the marker plane. Once the half-filled blocks were set, a
printed grid pattern, corresponding to the spacing level of interest for each design, was transferred to the
marker plane with ink. Markers were placed on top of the pattern. The massless markers were created
by drawing approximately 2.5 mm diameter circles with an alcohol-based permanent marker at a pattern
spacing of 10 mm. The negligible density of these markers permitted them to be slightly larger than the
embedded markers, allowing them to be seen more clearly in optical imagery. To avoid deformation of
the marker plane due to material melting or creep during the casting of the second half of the encasing
thermoplastic block, this preparation was placed in a freezer at a temperature of -18◦C for a minimum of
30 minutes before the remainder of the mould was filled. Completed blocks were left to set at room tem-
perature and inspected for seams, voids, or material inhomogeneity due to the casting process. Following
inspection, each specimen was wrapped in plastic and shelved to avoid indentation, creep, or compres-
sion. The Sylgard moulds were kept and later used to house each block within a drop apparatus for impact
testing.

Table 1: Summary of Taguchi L-9 marker designs used in the present study.
Experiment Density (g/cm3) Spacing (cm) Stiffness (kPa) Binder Material

1 1.05 1.0 12 Humimic# 4
2 1.05 1.5 170 Sylgard 1:5 blend
3 1.05 2.0 1100 Sylgard 1:1 blend
4 1.45 1.0 170 Sylgard 1:5 blend
5 1.45 1.5 1100 Sylgard 1:1 blend
6 1.45 2.0 12 Humimic# 4
7 1.85 1.0 1100 Sylgard 1:1 blend
8 1.85 1.5 12 Humimic# 4
9 1.85 2.0 170 Sylgard 1:5 blend

Massless 0 1.0 0 n/a

2.2 Drop Testing
To evaluate the dynamic response of the markers within the gel block, each specimen was mounted in a
custom housing which was subsequently subjected to three drops onto a rigid steel anvil. A small custom
drop tower was constructed for this purpose (Fig. 2). The custom housing was used to protect against
boundary damage in order to facilitate multiple tests. Each block was inserted back into one of the two
identical Sylgard moulds (encasements) used in the casting process. This assembly was then sandwiched
between two 6.4-mm-thick acrylic plates and fastened at the corners with bolts (Fig. 3). The clamping
pressure was controlled by restricting the distance between the sheets to 41 mm for all samples, ensuring
that each would be subject to the same boundary conditions. As each specimen was produced using the
same moulds, their thickness was uniform across the sample set. The acrylic housing ensured that the
blocks would not buckle out of plane or slide during impact.

The drop carriage on the drop tower was hoistedmanually and fixed in place by an electromechanical latch
at the maximum achievable system height of 76.5 cm and the specimens were dropped onto a rigid steel
anvil. Following each drop, the samples and housing were inspected for damage and reset to the drop
position. An electronic triggering system was used to coordinate the drop with the image capture system,
allowing the recording of block motion from 50 ms before and 130 ms after impact. The purpose of the
drop impact was simply to generate a reproducible dynamic loading event in the range of 101s−1, which is
consistent with many PMHS studies (Hardy et al., 2007; Zhou et al., 2019), but was not meant to replicate
any specific impact event. Each marker assembly was dropped three times to ensure reproducibility of the
results.
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Figure 2: Front and right-section schematic views of the drop tower used in the study. Impact observation
zone is denoted with a dashed line. Maximum drop height: 76.5 cm.

Figure 3: Top and front photographic views of the massless marker block mounted inside the drop hous-
ing. The specimen block is inserted into a Sylgard encasement and sandwiched between plates of acrylic,
compressed to a thickness of 41 mm to control clamping pressure.
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2.3 Data Collection
Impact image sequences were captured using the HSXR system at Carleton University at a rate of 7,500 fps.
The resultant scale between camera and experimentwas 3.4±0.17 px/mm. Themasslessmarker blockwas
tested using the same drop procedure, however as its markers do not attenuate X-rays, particlemotionwas
acquired using a high-speed optical camera at the same capture rate. Refractive and reflective distortion
of the optical signal through the gel was mitigated with the use of the acrylic housing; after inspection
of the source video, this phenomenon had a negligible effect on the tracked motion of markers. Images
were processed to improve contrast and a correction to the lens distortion was applied. A custom particle
tracking code (Dutrisac, 2020) was written in MATLAB to extract the displacement of markers and housing
features from collected image sequences.

To avoid conflation of internal deformation with rigid body impact motion, portions of the external hous-
ing were tracked across the time series and used to determine both the moment of impact and rebound
dynamics of each sample. For each drop, the rebound rate was linear over the 250 frame (33 ms) period
of interest, at 0.11 ± 0.01 mm/frame. While the internal deformation occurred within the moving frame
of reference, this rebounding rate was common across all test iterations, permitting the comparison of
deformation responses.

The response of each experimental marker block was compared with the massless marker configuration,
which provided the drop response of the neat gel material. Within each block, markers were indexed from
left to right, top to bottom. The vertical and horizontal displacement for each marker was computed for
the entire time series. For the sensitivity analysis in this study, markers falling within the central region
(1.5 cm radius) in each block were chosen for comparison in order to limit boundary effects. This region
permitted multiple markers from each specimen to be considered, providing an estimate displacement at
the block centre. For each sample, themeanmarker displacement observed over three repeated drop tests
was computed, providing a single representative curve for each marker design. Given the 1-D nature of the
drop event, themost significant and repeatable displacements were observed in the vertical direction, with
each marker oscillating about its origin. All specimens were tested in the same manner, each displaying
a high degree of repeatability as confirmed with the computation of a 95% confidence interval for each
trace.

The cohesion of the marker motion tended to dissipate into the second period of the oscillation (t>25ms),
reducing repeatability at later times. For this study, the first and second peaks of the first period response
were used as the basis of comparison across all specimens, as the data was both cohesive and relevant to
tissue-based impact studies(Hardy et al., 2007, 2001). The first peak represents the compressive phase fol-
lowing impact, and the second peak represents the relaxation and release of stored elastic energy following
compression.

For the sensitivity analysis, normalized output values were necessary (Shi et al., 2014). These output values
(φ) are defined as,

φ =
χt − χn

χn
× 100, (2)

where χn and χt are the measured values of the displacements for the neat and marker embedded mate-
rial, respectively. The output value provides a measure of deviation, as caused by the presence of a marker
particle. These output values (φ) were subsequently used in the Taguchi signal-to-noise function to make
comparisons across the experimental group (Shi et al., 2014).

2.4 Analysis
The Taguchi approach to experimentation was used to reduce the number of specimen iterations required
to determine parameter sensitivity(Shi et al., 2014; Rao et al., 2008). The Taguchi orthogonal array provides
a method of combining variable adjustments across individual experimental trials, as shown in the marker
design parameters in Table 1. This method has seen broad uptake in many fields, including the biomedical
and clinical research fields to reduce the burden of experimental cost and supply limitations (Rao et al.,
2008).

In order to separate the valuable data from the noise influence, the analysis uses signal-to-noise ratios
(SNr) as a measure of experimental output due to varying design parameters. SNr calculations can focus
on a nominal value, a least-is-best, or a largest-is-best output. In the case of this study, the greatest-is-best
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evaluation was used, as per

SNr = −10 log10

[
1

n

(
n∑

i=1

φ2i

)]
, (3)

where φ is themeasured output for each experiment, SNr is the signal-to-noise ratio, andn is the number
of repeated trials.

The SNr for each experiment is used to evaluate the design variable influence for each of the output
responses. The mean SNr for each parameter at each level is computed as

SNrPL =
1

k

∑
SNri, (4)

whereL is the parameter level, P represents the specific parameter, and k is the number of trials in which
that combination appears. The index, i, corresponds to the specific trials containing the PL combina-
tion. For example, the mean SNr for the stiffness parameter at its lowest level would be the mean for
experiments 1, 6, and 8, as can be seen when consulting Table 1.

To evaluate the magnitude of parameter influence, analysis of variance (ANOVA) is required (Shi et al.,
2014; Oktem et al., 2007). ANOVA relates the contribution of the variance for each design parameter to
the total experimental variance. The total variance (SSt) for each experiment is equal to the sum of the
design parameter variances (

∑3
i=1 SSi) and the external variance, or noise (SSe) (Oktem et al., 2007).

Whereas the SNr provides information on which design parameter levels may be desirable, the magnitude
provides information on the overall sensitivity of that parameter.

SSt = SSe +

n∑
i=1

SSi (5)

SSP =

k∑
j=1

(
(
∑
SNrL)

2

k

)
− G2

n
, (6)

where G is the grand total from each of the n experiments and k is the number of experiments of each
design parameter P at each level, L.

3 Results
The resultant first and second internal peak vertical displacements for blocks embedded with the experi-
mental marker designs were used to identify how the individual design parameters (density, stiffness, and
spacing) contributed to the deviation in the response as compared to the displacements measured in the
neat material (ink markers).

3.1 Marker Displacement
The mean displacement for each design is accompanied by a 95% confidence interval (CI). The CI was
computed with a two-tailed t-test to identify the quality of the response. As shown in Fig. 4, the vertical
position of central markers was extracted and aligned at the moment of impact. The mean signal was
computed, along with the CI. For the duration of interest, only minor variations in the motion profile occur,
providing a clear picture of the impact response and its repeatability.

3.2 Sensitivity
The first and second peak vertical displacements for each of the experimental markers are seen in Table 2,
along with the associated range of the 95% CI, and the Taguchi SNr as per Equations 2 and 3. The SNr
value functions as a greatest-is-best representation for each response. Each response was generated from
a number of input displacement traces, belonging to 3 to 12 markers depending on the grid spacing used
in the design. Markers in the centre region were used as to lessen the effect of erratic motion observed
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Figure 4: The curve used for analysis ofmarker Design 7was extracted by selection of central markers (1) for
pixel position tracking. The pixel positions (2), were converted frompixels tomillimetres and zeroed relative
to their moment-of-impact positions, creating a displacement curve (3). The displacement curves were
averaged to create themean displacement and CI curve (4), where the peak first and second displacements
were extracted. The moment of impact occurs at t = 0 ms, with the first peak occurring at approximately
4 ms and the second peak occurring at approximately 13 ms.

at the boundary. The vertical motion profiles of these markers are shown together with the neat material
profile in Fig. 5.

While it is evident that therewas some variation in themarkermotion between the variousmarker designs,
the influence of individual design parameters can be shown more clearly by examining the mean SNr for
each variable at each of its different intensity levels (L1, L2, or L3), as per Equation 4. This method considers
all responses, not just the best or worst performers. For each design variable, the spread of the means of
SNr values highlights how sensitive the outputmetric is to changes in the variable intensity (Table 1). These
results are shown in Tables 3 and 4 for displacement peak 1 and peak 2, respectively. These results reinforce
what was seen from the top performers from Table 2. The results demonstrate that the parameters with
the highest influence in the displacement at the first and second peak are different. In Table 3, representing
the response of the markers in the first displacement peak, the greatest range of motion is associated with
changes in marker density. In Table 4, responses in the second displacement peak are associated with the
greatest spread in stiffness and are not strongly correlated to marker density.

While comparison of the mean SNr provides insight into how each design variable contributes to the devi-
ation of the output, it does not evaluate the strength of the contribution. Using the ANOVA described in
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Table 2: Experimental outcomes from drop test and respective SNr.
Experiment First Peak Second Peak

(mm) C.I. (±mm) SNr(dB) (mm) C.I. (±mm) SNr (dB)
Neat 11.8 0.2 − 18.6 0.9 −
1 10.6 0.3 19.6 20.3 0.4 21.1
2 11.5 0.4 31.1 16.9 0.9 20.6
3 8.1 0.4 10.0 22.8 0.8 13.0
4 12.2 0.3 30.1 18.7 0.6 45.5
5 12.2 0.3 29.0 10.5 0.5 7.2
6 11.2 0.1 25.4 20.7 1.0 19.3
7 10.2 0.2 17.3 17.0 0.2 20.9
8 9.6 0.2 14.8 17.9 0.3 27.7
9 10.3 0.2 18.0 20.4 0.4 20.7

Design 1
Design 2
Design 3
Design 4
Design 5
Design 6
Design 7
Design 8
Design 9
Neat
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Figure 5: Mean vertical response of central markers within each test block. Curves are aligned at the mo-
ment of impact. As highlighted in Table 2, the best performer was Design 4, with good first-peak perfor-
mance from Designs 2, 5, and 6.
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Table 3: Mean SNr at Peak 1
Mean SNr

Parameter L1 L2 L3 Spread
Density 20.2 28.2 16.7 11.4
Spacing 22.3 24.9 17.8 7.1
Stiffness 20.0 26.4 18.8 7.6

Table 4: Mean SNr at Peak 2
Mean SNr

Parameter L1 L2 L3 Spread
Density 18.2 24.0 23.1 5.7
Spacing 29.2 18.5 17.6 11.5
Stiffness 22.7 28.9 13.7 15.2

Equations 5 and 6, the sensitivity of both the input design variables and the external noise are evaluated.
These results are shown in Table 5 as representative percentages of the total sensitivity. As expected, at
the first peak, marker density holds the greatest influence over the displacement peak, while stiffness and
spacing contribute similarly to each other. External noise also has a contribution, which is related to uncon-
trollable factors (Rao et al., 2008). At the second displacement peak, the dominant factor is marker stiff-
ness, and external noise is increased, suggesting greater parameter interaction and stochastic behaviour
as time progresses.

4 Discussion
In comparing the displacement response of the neat gel block with those blocks containing the experimen-
tal marker designs, it can be seen that there is a broad variability in the magnitude of the displacements at
the first and second peak in the vertical motion profile. Using the greatest-is-best Taguchi SNr, the best
performer early in the response (first peak) is as expected, Design 2, as its density was similar to that of
the neat material, while its spacing and stiffness are in the middle of the design space. Designs 4, 5, and 6
also performed well at the first peak, which was likely a function of their medium density, recognizable as a
driving factor for this peak fromTable 5. The second peak responses differmore substantially, whichwas ex-
pected as the influence from external factors increases nearly two-fold during this stage (27%). Once again,
the best performer was Design 4, while Designs 2, 5, and 6 weremiddle of the pack in performance.

Comparing the first-peak results with respect to marker design properties, medium densities are the best
performers, while it appears that low stiffness markers tend to perform better than those with a high stiff-
ness. Markers in tight and medium spacing patterns approximate the neat material response more closely.
At the second peak, where noise is increased, density does not appear to have much of an effect, while
lower stiffness approximates the neat material well. Medium and high stiffness markers have opposing
responses, suggesting some modal stiffness effects. Unlike the first peak response, broad spacing tends
to cause the markers to undershoot at the second peak, while tight and medium spacing approximate the
true responsemore accurately. These spacing effects also suggest modal interactions due to the oscillatory
nature of the response.

The sensitivity information provided by the ANOVA shows how each of the design parameters influenced
the response of the matrix, relative to each other and the external noise factors. These sensitivity values
reinforce what was learned from the SNr comparisons, suggesting that early on in the deformation pro-
cess, marker density (46%) plays a significant role in ensuring the fidelity of the deformation field being

Table 5: Parameter sensitivity (%) from ANOVA
Parameter Peak 1 Peak 2
Density 46 6
Spacing 18 28
Stiffness 22 39

External Noise 14 27
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Figure 6: The displacement response of the massless marker (neat material) to various marker groupings
with (a) medium stiffness (170 kPa), (b) high stiffness (1100 kPa), (c) medium density (1.45 g/cm3), and (d)
high density (1.85 g/cm3). Note the density and stiffness of the matrix material were 0.85 g/cm3 and 9 ,
respectively.

measured. Marker stiffness (22%) and spacing (18%) are less important than density, but still influence
the deformation process and must be considered. As the deformation progresses, the matrix deformation
becomes extremely sensitive to marker stiffness and spacing sensitivity (39%, 28%, respectively), while
density is substantially less influential (6%).

Fig. 6 provides a closer look at the variability of differentmarker groupings in themedium and high stiffness
range (Fig. 6a and 6b) as well as in the medium and high density range (Fig. 6c and 6d). With these
groupings, although there are confounding factors, it is clear that a medium stiffness material is preferable
to a high stiffness marker material. In this context, medium stiffness and hard stiffness markers had elastic
moduli that were 2 and 3 orders of magnitude higher than the matrix, respectively. Similarly, high density
marker materials resulted in a consistently lower displacement response of thematrix, and large variability
on the second peak. The medium density markers did not greatly influence the first peak displacement of
the matrix gel, but the influence in second peak response was dominated bymarker stiffness (as seen from
high-stiffness Design 5). In the context of the presentwork, medium and high densitymarkers were defined
as markers with density ratios of 1.7 and 2.2, respectively. These trends give some guidance to the proper
design of embedded markers that should reduce their interference on tissue response.

Precisely matching the matrix density and stiffness is not critical to reducing the influence of the markers
on the deformation field, however a density below 175% of that of the matrix and a marker stiffness below
1.0 MPa appears to be beneficial. Design 4, which featured a medium density of 1.45 g/cm3 and a stiffness
of 170 kPa, falls within this optimal range and was the best performing marker in this study. In contrast,
high density designs (7, 8, 9) and high stiffness designs (3, 5, 7) were among the worst performers when
first and second peak displacements were considered (Fig. 6b and 6d, respectively).
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Both image-based and ultrasound-based particle tracking systems have been used in PMHS impact studies
with a high degree of precision. Although these systems are well suited to identify how tracking parti-
cles move following an impact, the particles themselves introduce their own uncertainty. These results
confirm that the insertion of any marker that is used to track deformation will change the deformation of
the surrounding matrix material. The measurements comparing marker displacements to massless mark-
ers demonstrate that the fidelity of the local deformation patterns were affected by the presence of the
markers, leading to errors that were related to the comparative material properties of the markers and
matrix material. This has significant implications to the use of marker tracking data within brain tissues
of cadaveric specimens and our understanding of their accuracy, which should not be confounded with
marker tracking precision. Locating a marker with high precision is of the utmost importance, however, if
the marker is in the wrong location due to its influence on tissue deformation, the measurement is precise
but not accurate. The results of the present work demonstrate the importance of proper marker design
to improve measurement accuracy. Although it was not verified in the present work, we expect that large
marker aspect ratios and anisotropic confinement of the markers through tethers may result in directional
variability of marker performance and associated errors.

5 Conclusion
With this parametric analysis, it is clear that Design 4 provided the best average response, while Designs 2
and 6, within a small range of each other, provided the next best response. This group performed especially
well for the initial displacement. Within this group, all properties except high density and high stiffness
were represented, clearly indicating that carefully selected combinations of parameters, and not individual
qualities, make good candidates. It appears that low to medium density, up to 175% of the matrix material
density, and low to medium stiffness, below 1.0 MPa, make the best markers and minimize the influence
on matrix deformation. Markers outside of this range consistently performed poorly.

From this study, it can be seen that the uncertainty on displacement measurements and subsequently cal-
culated strain values is a function of marker design, placement, and time-after-impact. This work provides
a clearer understanding of the errors associated with the measured displacement of tissues through the
use of embedded markers, as well as providing a basis for the future design of such markers. The results of
this work illustrate the importance of properly quantifying the errors associated with strain fields and FE
model validation calculated on the basis of markers previously used in prior PMHS studies.
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