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A B S T R A C T

Traditional biomechanical analyses have focused primarily on the human gait across hard, flat surfaces

and provide little information about human locomotion as a function of work environment or terrain.

The purpose of this study was evaluation of a force plate system for measure of center of pressure (COP)

in railroad ballast by comparing its accuracy across three surface conditions (hard surface, mainline

ballast and walking ballast) with two configurations (level and 78 cross-slope). Custom walkways and an

isolation fixture were developed to rigidly attach a force plate beneath ballast surfaces to collect the COP.

The difference in COP location (DCOPx, y, z) between the force plate system and a calibration system

(motion capture derived) were compared using repeated-measures analysis of variance. Results indicate

that the effects of surface condition and configuration were not significant for DCOPx, y, z and no

differences were found among the three surface conditions during pairwise comparison, though DCOPx,

y, z were different between the center and corners of the force plate in ballasts for both level and cross-

slope configurations. The system presented in this study demonstrates the feasibility of measuring the

COP by using an isolation-fixture force plate to expand the scope of biomechanical studies on ballast

surfaces that are level or cross-slope.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The biomechanics of human gait have been studied extensively
in the past decade with most gait analysis conducted on level, hard
surfaces including indoor tracks and treadmills [1–4]. However,
work environments may include a variety of terrain and walking
conditions. Recently, research has extended our understanding of
human locomotion on other surface conditions, like sand, grass and
rock [5–11], and configurations, like inclines/declines [12–14] and
cross-slope [15–17]. A few studies investigated the energy costs
and kinematics when walking on sand or grass, but not kinetics
due to the challenges of validating the accuracy and reliability of
force plate measurement on these altered conditions [5–7]. Other
research investigated lower limb biomechanics when walking on
sloped surfaces at various gradients; validation of tilted force plate
systems has also been performed [13,15,16]. These studies
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indicated that significant differences exist in ground reaction
force, kinematics and kinetics while walking on sloped conditions
compared to level conditions, and further our understanding of
gait adaptation on non-level surfaces.

Several studies looked into the gait characteristics during
locomotion on ballast (crush rock aggregate) and a cross-slope
condition [10,11,18], which is the occupational environment for
many workers employed in the rail industry. The two primary
ballast types were defined as walking ballast (WB, diameter
9.53–31.75 mm), generally located in railroad yards, and
mainline ballast (MB, diameter 19.05–63.5 mm), generally
located on main track lines. Andres et al. [10] reported that
walking on cross-slope MB significantly increased the rear foot
range of motion compared to walking on either WB or no ballast
(NB). Merryweather et al. [18] found that a significant increase
in knee flexion and foot clearance was required to prevent trip
potentials while walking on ballast compared to hard surfaces in
level and cross-slope situations. Wade and Redfern [19]
investigated a method to measure ground reaction force using
a force plate embedded beneath 63.5-mm and 101.6-mm of
ballast. This method suggested that measuring reaction force
with ballast applied to the top surface of the force plate was
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feasible in level conditions. However, the approach might be
inappropriate for measurements with greater ballast depths,
where the effects of force dissipation would most likely increase,
especially along the edge of the force plate. It is unclear whether
or not their setup would be appropriate for cross-slope
conditions. A following study conducted by Wade et al. [11]
utilized this force plate system to study gait biomechanics on
ballast and reported that joint moment ranges were smaller, but
the muscle co-contraction levels were greater on ballast
compared with NB in level condition.

The purpose of this study was to evaluate a custom, slope-
adjustable walkway system with an isolation fixture for the force
plate to determine the center of pressure (COP). In order to validate
this walkway system, a calibration system, including a rigid
mechanical device and associated software, was utilized to
determine the COP. This walkway system is proposed to expand
the capabilities to study biomechanics, including gait for various
activities on railroad ballast.

2. Methods

Two custom walkways were designed and constructed of
engineering I-beams to provide the ability to test multiple
experimental conditions including varying walking surfaces and
cross-slopes. It was of particular interest to study two types of
ballast (WB and MB) and two configurations (level and cross-slope
of 78) to resemble the typical environments encountered by
railroad employees working in the railyard or on the mainline
[10]. Each walkway was 23 cm deep and provided a working
surface 76-cm wide by 7.3-m long with an embedded force plate
(model OR6-5-1000, AMTI, Watertown, MA) to record reaction
force and the COP. Ten adjustable jacks were placed on each
walkway so one side of the walkway could be elevated to generate
the cross-slope condition (Fig. 1a–c). WB and MB were filled 20-cm
depth in two walkways similar to the previous study, and then
compacted by ballast tamper (similar to Model MRC 1100 P, FCS
Rail Inc., Italy) to produce consolidation and reduce shifting to
resemble ballast in normal railroad conditions other than freshly
laid or disturbed ballast [10,20].

A custom isolation fixture was developed to isolate surrounding
ballast from ballast directly in contact with the force plate. The
isolation fixture consisted of two welded, concentrically aligned
steel rectangle frames with 6.4-mm clearance between the inner
and outer frame walls. The fixture was open from the top to bottom
and ballast can be applied to the top surface of the force plate
(Fig. 1d–f). The outer frame was securely attached to the base of
each walkway and the inner frame securely fit on the force plate
with four alignment tabs. The tabs served to ‘‘lock’’ the inner frame
to the force plate to translate shear forces to the force plate from
ballast.

Five digital video camcorders (PV-GS55, Panasonic Corpora-
tion of North America, Secaucus, NJ) were configured around the
walkway setup to allow for a motion capture volume of
6.8 m3. The laboratory coordinate system was oriented with z-
axis upward, x-axis anterior/posterior, and y-axis medial/lateral.
The force plate coordinate system was oriented with the z-axis
directed downwards toward the surface of the force plate; these
two coordinate systems were related using a transformation/
rotation matrix.

The COPs derived from the force plate in the NB condition were
calculated using Eqs. (1) and (2), where x and y were the coordinates
of COP in the horizontal plane. Fs and Ms were the components of
force and moment vectors as determined from the force plate. The
values a, b, c are the configuration data of the true origin of the force
plate which were determined by the manufacturer as part of the
calibration procedure and supplied with the force platform. When
ballast was placed on the force plate in the isolation fixture, the force
plate origin relative to the contact surface plane was adjusted;
therefore, the COPs were calculated using Eqs. (3) and (4), where t

was the average ballast depth above the top surface of the force plate,
which was 0.2 m in this study.

x ¼ �My þ cFx

Fz
þ a (1)

y ¼ Mx�cFy

Fz
þ b (2)

x ¼ �My þ ðc�tÞFx

Fz
þ a (3)

y ¼ Mx�ðc�tÞFy

Fz
þ b (4)

The calibration system included a rigid mechanical testing
device (MTD) (Motion Lab Systems, Baton Rouge, LA) and
associated software (CalTester, C-Motion Inc., Germantown, MD)
that was used to validate the ability to accurately measure the COP
in this custom, slope-adjustable walkway system. The MTD was
designed with five reflective markers on wands attached to a
calibration-testing rod with two conical tips, a test plate and a
handle (Fig. 2a). The conical tips provided a way for direct force to
be applied with a negligible applied moment or force couple
[21,22]. The test plate was designed to rest on the surface of the
force plate and had a machined conical impression in the center to
constrain the conical tip and allow force to be applied near the
corners of the force plate. The handle was a rigid bar with a
machined conical impression for applying force to the MTD. The tip
of the MTD rod location was determined by the motion capture
component combined with the relative location information of
reflective markers. For each trial, the test plate was placed at one of
five locations on the force plate, including the four corners and the
center.

A member of the research team placed the MTD on the base
plate and applied a force (135 � 27 N) through the rod by pressing
down on the handle. While applying the force, the researcher
pivoted the rod through a circular pattern along the vertical axis of
the laboratory coordinate system according to the instructions
provided by CalTester [21]. This procedure was followed at each
location on the force plate for each surface condition and
configuration.

Five trials were conducted at the four corners and the center
of the force plate for each of six test conditions (NB level, NB
cross-slope, MB level, MB cross-slope, WB level and WB cross-
slope) for a total of 150 trials. Before conducting a trial, a known
weight (44.5 N) was placed on the center and each of the corners
for each condition/configuration to verify the force readings
perpendicular to the plate surface, which was 44.022 � 0.396 N
and 43.932 � 0.254 N in level and cross-slope conditions on
average, respectively. Then, dynamic trials were performed with
the MTD. Each dynamic trial consisted of a 15-s time period at each
location. A member of the research team controlled the angle of the
MTD while applying force. The video data and analog data were
recorded simultaneously. Motion data were collected at 60 Hz
using a motion capture system (Vicon Motion Systems, Centennial,
CO) and then conditioned using a fourth order zero-lag Butter-
worth filter with a cutoff frequency of 6 Hz. Force plate data were
recorded at 600 Hz. Data points where the applied vertical
force was less than 20 N were excluded for analysis due to the
sensitivity of calculated COP to small vertical forces (Eqs. (1) and
(2)) [23,24].

For each trial, the data calculated using CalTester software
provided the coincidence information between these two systems
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Fig. 1. The custom build walkway to simulate railyard conditions: (a) walkway – top view; (b) walkway – side view; (c) walkway – end view; (d) force plate isolation fixture

diagram; (e) force plate isolation fixture model; (f) image of force plate isolation fixture in walkway.
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by three variables, which were the differences in COP locations
(DCOPx, y, z), the x, y and z components of the displacement vector
between the COP location as determined from the force plate
measurements and the tip of the MTD location as determined from
the motion capture system (Fig. 2b), then averaged for the 5 trials
to obtain the mean DCOPx, y, z values at each location.

Statistical comparisons were performed using a 3 (NB, MB and
WB) � 2 (level and cross-slope) repeated measures analysis of
[(Fig._2)TD$FIG]

Fig. 2. Mechanical testing device (a) and the difference of CO
variance (ANOVA) to investigate the effect of surface condition and
configuration for the DCOPx, y, z. Post hoc tests were conducted
using the Bonferroni adjustment to correct for multiple compar-
isons. Two-sample t-test was used for exploring the possible
difference between the center and corners of the force plate in both
level and cross-slope conditions. Results were considered statisti-
cally significant when p < 0.05 (a = 0.05). Data analyses were
performed using SPSS 20.0 (IBM Corporation, Armonk, NY, USA).
P between applied force using MTD and force plate (b).
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3. Results

Ballast was initially poured directly onto the force plate with a
membrane covering the force plate to prevent ballast wedging
between the top plate and base plate of force platform. However,
the effect was unsatisfactory and significant dispersion (up to 40%
in worst case) of the measured forces occurred near the edge of the
force plate when force was applied through the ballast. The effect
of force dispersion is removed with the addition of the isolation
fixture developed in this study.

The summary of DCOPx, y, z between the calibration system and
the force plate estimates is reported in Table 1. The results show
that the sum of DCOPx, y, z was smaller for NB than ballasts (MB
and WB) in both level and cross-slope conditions. The largest
DCOPx, y, z (6.1 mm, 5.1 mm and 2.4 mm for DCOPx, DCOPy and
DCOPz) were all found in the WB cross-slope condition, but the
sum of DCOPx, y, z was quite similar between MB and WB,
especially in the level condition.

A summary of results from ANOVA for DCOPx, y, z (Table 2)
indicated that the effects of surface condition and configuration
were not statistically significantly different for DCOPx (p = 0.099/
0.791), DCOPy (p = 0.108/0.192) and DCOPz (p = 0.160/0.208). Post
hoc tests further showed that no statistically significant differences
were found among the NB, MB and WB during pairwise comparison.
The DCOPx, y, z between the center and corners of the force plate
were compared for the level condition and cross-slope condition,
respectively (Table 3). Significant differences between the center
and corners of the force plate were found for DCOPx (p = 0.040/
0.013/0.001/0.014), DCOPy (p = 0.022/0.030/0.018/0.025) and
DCOPz (p = 0.003/0.032/0.013/0.048) in ballast conditions (both
MB and WB) for level and cross-slope configurations.

4. Discussion

The purpose of this study was to evaluate the feasibility of using
an isolation-fixture force plate system to quantify the COPs on two
types of ballasts in both level and cross-slope conditions. A
calibration system was used to verify the accuracy of the results
from force plate estimates. The results demonstrate that the
isolation-fixture force plate system can successfully determine the
Table 1
The summary of DCOPx, y, z between the calibration system and the force plate estim

Location DCOPx (mm) DCOPy (m

Level Cross-slope Level

Mean SD Mean SD Mean

NB 1 0.0 1.4 1.4 0.7 1.8

2 3.0 0.8 4.2 1.3 3.0

3 1.3 0.8 0.1 0.9 0.8

4 2.7 1.2 3.4 0.6 1.2

5 4.3 0.8 2.9 1.4 1.0

Sum 11.3 12.0 7.8

MB 1 3.8 2.3 3.7 1.7 3.8

2 5.5 1.4 4.7 2.2 4.1

3 3.0 1.1 1.4 1.6 0.6

4 3.8 1.0 4.0 1.3 1.9

5 4.5 0.3 2.6 1.6 1.9

Sum 20.6 16.5 12.3

WB 1 5.0 1.6 4.4 0.7 5.0

2 5.0 1.4 6.1 1.7 3.2

3 0.3 0.8 1.7 1.5 0.2

4 4.5 2.0 3.4 1.0 2.3

5 3.6 0.7 5.5 2.4 1.9

Sum 18.4 21.1 12.6

Note: A positive error represents estimates from the force plate are larger than the calibra

the force plate. In the cross-slope condition, location 1 and 2 are the downslope corne
COPs in ballast conditions as identified by the 3D motion tracking
system. The effects of surface condition and configuration are not
significant for DCOPx, y, z (Table 2). No differences of DCOPx, y, z

among NB, MB and WB reveals that the isolation-fixture force plate
system can effectively prevent the dispersion of ballast and that
ballast conditions have statistically equal variances compared with
the NB condition.

The average position error reported from the direct linear
transformation report supplied by the Vicon motion system for the
camera configuration and calibration is 0.3 � 0.1 mm, which
provides a potential explanation for the non-zero DCOPz in the NB
level condition. The COPz of ballast estimated from the force plate is
only determined by the initial ballast depth above the force plate,
which is a constant value (t in Eqs. (3) and (4)). However, the contact
surface plane where the base plate for the MTD was located is not
actually a constant, parallel distance above the force plate due to the
ballast shape and protrusion, which is confirmed by the large DCOPz

in ballast conditions. This slight variation of ballast depth affects the
accuracy of calculated COPx and COPy estimated by the force plate
system (Eqs. (3) and (4)), which explains the finding that the
magnitudes of DCOPx and DCOPy are found to be larger in ballast
conditions than NB (Table 1). Significant differences between the
center and corners of the force plate were found for DCOPx, y, z in MB
and WB for both level and cross-slope conditions (Table 3). A possible
reason for this phenomenon is the increased shear force and ballast
depth variation when applying force in the corners of the force plate
due to the lack of adjoining ballast near the edge of the isolation
fixture.

The COP information can be accurately measured in an
environment where the force plate is used beneath the ballast
to better represent environmental conditions to study human gait.
This study demonstrates that isolating the force plate from the
influence of the surrounding ballast provides a suitable method for
recording the COP in both level and cross-slope conditions. The
dissipation of force and additional error that would likely result
along the edges of the force plate from a simple buried plate, as
noted by others, could be reduced by incorporating an isolation
fixture [19]. This benefit is expected to be observed when studying
greater ballast depths and slopes as well. The treatment of ballast
shown in this study may be applicable to other similar surface
ates.

m) DCOPz (mm)

Cross-slope Level Cross-slope

SD Mean SD Mean SD Mean SD

1.1 3.6 0.8 �0.4 0.2 �0.7 0.2

0.8 3.4 1.7 0.1 0.1 �0.2 0.1

1.5 2.7 0.8 �0.2 0.2 0.0 0.3

0.7 3.6 1.2 0.4 0.2 0.5 0.4

1.4 2.5 1.0 0.2 0.2 1.6 0.4

15.8 0.1 1.2

1.3 4.8 1.1 0.8 1.0 1.8 0.3

1.9 2.8 0.5 0.7 0.7 1.6 0.1

1.4 1.9 0.9 0.3 0.3 0.3 0.4

0.9 3.7 1.0 0.6 0.5 1.0 0.1

2.5 4.8 1.2 0.8 0.2 0.7 0.3

18.0 3.3 5.4

0.6 3.1 1.7 0.7 0.4 2.4 0.3

1.6 5.0 1.1 0.8 0.3 1.2 0.4

1.1 2.2 1.0 0.2 0.4 0.3 0.3

1.3 5.1 0.8 1.0 0.3 0.9 0.1

0.3 4.3 1.3 0.5 0.2 1.1 0.1

19.7 3.2 5.9

tion system. Locations 1, 2, 4 and 5 are the four corners and location 3 is the center of

rs and location 4 and 5 are the upslope corners of the force plate, respectively.



Table 2
Summary of results from the ANOVA and post hoc test for DCOPx, y, z between the

calibration system and the force plate estimates.

Parameter p-Value (power)

DCOPx DCOPy DCOPz

Condition 0.099 (0.440) 0.108 (0.423) 0.16 (0.341)

Bonferroni adjustment comparison

NB – MB 0.302 0.491 0.629

NB – WB 0.373 0.051 0.168

MB – WB 0.998 0.997 0.999

Configuration 0.791 (0.056) 0.192 (0.228) 0.208 (0.213)

Table 3
Summary of results for comparison DCOPx, y, z between the center and corners of

the force plate estimates.

Center vs. corners p-Value

DCOPx DCOPy DCOPz

Level NB 0.276 0.116 0.353

MB 0.040* 0.022* 0.003*

WB 0.001* 0.018* 0.013*

Cross-slope NB 0.125 0.059 0.595

MB 0.013* 0.030* 0.032*

WB 0.014* 0.025* 0.048*

* Significant difference at a= 0.05.
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conditions, such as sand, however, additional displacement
tracking for the depth above the force plate would be required
for improving the accuracy in measured COP [25].

Some limitations of this study should be mentioned. When
studying a surface media subject to shifting and deformation, it may
be important to study the surface in a more natural environment to
capture pure, unrestricted motion. The current isolation fixture
somewhat constrains the ballast movement in a compacted
enclosure and may limit horizontal ballast displacements to cause
shear force against the fixture. Therefore, this system most closely
represents compacted ballast. A more complex method may be
needed when conducting a study where significant displacements
occur in the surface plane during loading on the force plate (such as
the case with loose sand). In addition, although acceptable
estimations for the COP values using the force plate system were
verified for five locations, the accuracy to estimate the COPs during a
dynamic situation, such as walking was not directly studied. Future
studies focused on the dynamic evaluation of this system would be
beneficial to extend the current findings.

In conclusion, the isolation fixture technique proposed in the
present study demonstrates the feasibility of accurately measuring
the COP using force plates for biomechanics studies on ballast
surfaces that are level or cross-slope, though some potential
limitations do exist. This system is expected to expand the scope of
biomechanical analysis and improve our understanding of injury
development when walking on ballast.
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