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Kinetic data acquired from force plates embedded in moving platforms naturally contain artifacts due
to platform acceleration, called force plate inertial components. While they can be estimated and re-
moved from the measured signals, the system’s inertial properties need to be known. Our objective was
to: (1) develop a method for estimating the inertial properties and force plate inertial components for
any instrumented platform; (2) estimate the inertial properties specifically for the Computer-Assisted
Rehabilitation Environment (CAREN); and (3) validate the estimates with new experimental data. Un-
loaded ramp-and-hold perturbations (for estimation) and unloaded random perturbations (for validation)
were executed to obtain the force, moment, and motion of the CAREN platform. Inertial properties were
estimated by minimizing the error between the measured and computed inertial forces and moments.
Obtained estimates were validated by calculating the coefficient of determination (R?) between the mea-
sured and computed forces or moments when keeping the inertial properties fixed. The estimates of
the CAREN's inertial properties exhibited low variability across trials, and R? for the validation trials was
0.90 + 0.08 (mean + standard deviation). The developed method can be used for removing inertial com-
ponents from force plate signals, yielding reliable estimates of ground reactions in dynamic biomechanical
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research and clinical assessments.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The primary objective of human postural control is to maintain
the body in a stable, upright position. While this task appears
to be simple, it is accomplished by a complex process that takes
advantage of previous experience (feed-forward control) [1,2] and
seamless integration of sensory information (feedback control)
[2-4]. Although the principles of postural control are generally
understood, current efforts aim to shed light on the specific
neurophysiological mechanisms the central nervous system applies
to accomplish this task. Such mechanistic understanding is critical
for clinicians seeking to identify balance deficits and optimize
treatment in patient populations.
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Postural perturbations displacing the body’s center of mass
(CoM) are commonly used to study the control of posture [3,5].
One of the most common forms of perturbations used in funda-
mental investigations is to disturb the support surface on which
an individual is standing. Movement of the support surface, either
through translation or rotation, displaces the base of support
relative to the CoM, thus necessitating a neuromuscular reaction
to reposition the CoM over the displaced base of support [3]. This
is accomplished by means of timely, stabilizing moments that
are globally reflected in the body’s center of pressure fluctuation.
Using an instrumented platform - defined as a moving platform
embedding a single or multiple force plates - the trajectory of
the center of pressure may be recorded and used to characterize
postural stability and control, referred to as dynamic posturogra-
phy. Depending on the application, different perturbation profiles
are available, including ramp-and-hold, impulse, sinusoidal, or
randomized profiles [6].

The need for an instrumented platform implies that studies in-
volving dynamic posturography require complex and costly equip-
ment. While multiple options are available [7-13], many of these
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systems are restricted to translations along, or rotations about, a
finite set of principle axes [7]. However, one system in partic-
ular, the extended Computer-Assisted Rehabilitation Environment
(CAREN; Motek Medical, Amsterdam, The Netherlands), employs a
hydraulically actuated instrumented platform capable of delivering
6-degree of freedom perturbations. In addition, it includes: a 180-
degree projection screen; a surround-sound audio system; a 12-
camera motion capture system; and a dual-belt treadmill mounted
above two force plates. With all of these features available, the
CAREN seems optimal for all types of fundamental and rehabil-
itation research, including dynamic posturography. Unfortunately,
such use is not always realistic as having the force plates embed-
ded within the platform renders the data unreliable: in moving the
force plates, the acquired forces and moments will contain com-
ponents due to accelerating the total mass resting on the force
plates’ transducers, termed force plate inertial components (FPIC)
[14]. Therefore, the CAREN’s platform-embedded force plates can
only be used to reliably measure kinetic data when the platform
is stationary - as there is currently no accepted method to remove
FPIC from CAREN force plate data [15,16]. This is, however, a prob-
lem not only for the force plates of the CAREN, but of any moving
platform.

To solve the FPIC issue, Preuss and Fung [14] introduced a
method to isolate and reduce the effect of these components us-
ing motion capture and inverse dynamics. In tracking the moving
base, they used the obtained position data along with the inertial
properties of the platform (mass, moment of inertia, and position
of platform’s CoM relative to the force plate’s transducers) to esti-
mate the FPIC. A comparison between the predicted and acquired
force plate signals validated the use of motion capture and inverse
dynamics to reliably reduce FPIC from force plate data collected
under dynamic conditions. Other potential methods to remove FPIC
use accelerometers instead of motion capture [17,18]. Given that
the CAREN is already equipped with a motion capture system, the
approach outlined by Preuss and Fung [14] offers the most suit-
able option to estimate and remove FPIC. The fundamental draw-
back of this method is, however, that it requires knowledge of the
inertial properties of the platform. In addition, the assumption of
symmetry suggests that the CoM lies directly above the average
force plate transducer location, which further limits the method’s
application.

Oftentimes, for systems such as the CAREN, the inertial proper-
ties may be unknown, or vary between models. In addition, it is
possible that the FPIC are affected by secondary components inte-
grated into a given system (e.g., the treadmill in the CAREN). With
that in mind, it is essential that a method be derived allowing
users of the CAREN, or similar instrumented platforms, to estimate
the inertial properties specific to their system, with the ultimate
goal of removing the FPIC from the force plate measurements. The
purpose of this study was therefore to: (1) outline a simple method
for estimating the inertial properties and force plate inertial com-
ponents for any instrumented platform; (2) estimate those proper-
ties specifically for the CAREN extended system; and (3) validate
the obtained estimates via new experimental data.

2. Methods
2.1. Force plate signals

Force plate signals obtained during studies of dynamic postur-
ography are a combination of ground reactions (applied to the
force plate by the perturbed human) and inertial components (cre-
ated by both motion and gravity of the platform). Therefore, the
measured force plate force, F, and moment, M, expressed in the
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Fig. 1. The orientations of the CAREN platform in its starting orientation relative
to the global coordinate system (GCS); and of the platform coordinate system (PCS)
relative to the CAREN platform. Three markers (M1, M2, and M3) were placed on
the platform to define PCS, with M1 and M2 forming a line parallel to the x axis.

platform coordinate system (PCS) provided in Fig. 1, are:

F=Fx+Fi
M = Mcr + M1

where Feg and Mgy are the ground reaction force and moment, re-
spectively; and f and M are the inertial force and moment, re-
spectively. Note that the force plate signals are assumed to be
zeroed when the platform is in its starting orientation. The com-
ponents of the inertial force are:

FIX [¢2% 0 0
E, | =m|a | + R, | mg| — | mg (2)
g, a; 0 0

where m is the mass resting on the force plate transducers; ax, ay,
and a; are the components of the linear acceleration of the plat-
form’s CoM, @, expressed in PCS; Ryy; is the rotation matrix captur-
ing the orientation of PCS relative to the global coordinate system
(GCS) provided in Fig. 1; and g is the acceleration due to gravity.
The components of the inertial moment are:

Mlx = Ixax + dyFlZ - szIy
M, = lyoy — diF, + dF, (3)
M, = Lo, + dxFly - dyFlX

where Iy, Iy, and I are the principal components of the moment of
inertia, I, of the mass resting on the force plate transducers; oy, ay,
and «, are the components of the angular acceleration, &, of the
platform; and dy, dy, and d, are the components of the position, d,
of the CoM relative to the average force plate transducer location.
Note that I, &, and d are expressed in PCS. Detailed derivations
of the components of f§ and M; and of the PCS are provided in
Supplements S1 and S2, respectively.
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2.2. Experimental procedure and data acquisition

To estimate the inertial properties m, I, and d of the CAREN
(see Section 2.3.2), two unloaded estimation trials (i.e., without
a human user) were executed. Both estimation trials had ramp-
and-hold perturbation profiles. The first estimation trial consisted
of translations in the positive direction of each of the x, y, and z
axes (Fig. 1) followed by a return to the starting position. Trans-
lations from the starting position to maximum displacement, and
vice versa, were 12cm in 0.5 s, with a 3 s hold of maximum dis-
placement [19-22]. Five translations were performed for each axis,
for a total of fifteen translations. The second estimation trial con-
sisted of positive rotations about each of the x, y, and z axes (Fig. 1)
followed by a return to the starting orientation. Rotations from the
starting orientation to maximum angular displacement, and vice
versa, were 7.5° in 0.5 s, with a 3 s hold of maximum angular dis-
placement [23-25]. Five rotations were performed for each axis, for
a total of fifteen rotations.

To validate the estimated inertial properties (see Section 2.3.3),
two unloaded validation trials were executed. Both validation tri-
als had random perturbation profiles. The first validation trial con-
sisted of random translations [16,26-28] along each of the %, y, and
z axes (Fig. 1). Five 10 s translations were performed for each axis,
for a total of fifteen translations. The second validation trial con-
sisted of random rotations [16,26-28] about each of the x, y, and z
axes (Fig. 1). Five 10 s rotations were performed for each axis, for a
total of fifteen rotations. Different perturbation profiles were used
across the three translation (rotation) axes, but the same perturba-
tion profile was used for all five translations (rotations) of a given
axis.

Force and moment data were recorded at a sampling frequency
of 1000Hz [15,16] using two force plates (Bertec Corporation,
Columbus, USA) embedded within the treadmill of the CAREN.
Raw force plate data were down-sampled to 100Hz and filtered
using a fourth-order, zero phase-shift, low-pass Butterworth filter
with a cut-off frequency of 5Hz [15,16]. Platform motion data were
recorded at 100Hz [15,16] using a 12-camera motion capture sys-
tem (MX T20S, Vicon Inc., Oxford, UK). Three markers (M1, M2, and
M3) were placed on the platform, with M1 and M2 defining a line
parallel to the x axis (Fig. 1). Raw marker data were filtered using
a second-order, zero phase-shift, low-pass Butterworth filter with
a cut-off frequency of 4Hz [15,16]. Note that raw force plate and
marker data were expressed in PCS and GCS, respectively.

2.3. Experimental data analysis

2.3.1. Platform kinematics

The position of the platform was calculated as the average of
M1, M2, and M3. The linear acceleration of the platform, expressed
in GCS, was then calculated from the position of the platform us-
ing finite difference equations [29]. Finally, the linear acceleration
of the platform, @, expressed in PCS, was calculated using its rep-
resentation in GCS and Ryy,. The platform angles 6y, 6y, and 6,
were calculated from Ryy; using the Cardan xyz sequence [30]. The
angular acceleration of the platform was then calculated from the
angular displacement of the platform using finite difference equa-
tions [29]. Equations for @, Ryy;, and the Cardan xyz sequence are
provided in Supplement S3.

2.3.2. Estimation of inertial properties

Referring to Eq. (1), since the platform was unloaded (i.e.,
Feg = Mcg = 0) for both the estimation and validation trials, F = F
and M = 1\711. The inertial properties were therefore estimated by
finding the values that minimized the sum of squared errors (SSE)
between the force and moment recorded in the estimation trials

and the computed, reduced inertial force and moment, respectively.
Specifically, m and d were estimated from the translation, and I’
from the rotation trial data. The reduced inertial force and moment
equations were derived from Eqgs. (2) and (3) by setting variables
to zero that were theoretically zero (e.g., ay, = 0 for x translations)
and replacing § components with corresponding F components in
M;. Detailed derivations of the reduced inertial force and moment
in unloaded platform translations and rotations are provided in
Supplements S4 and S5, respectively.

For x translations, the SSE expressions that were minimized
are:

N
SSEg,(m) = Y [Fe(i) — may(i)]’

i=1

N
SSEm, (d;) = > [My (i) — dzE (D))’ (4)

i=1

N
SSEm, (dy) = Y [Mz(i) + dyE (i)’
i=1
where N is the total number of samples per translation (excluding
hold time). Estimates of m, dy, and d, (bold in Eq. (4)) were ob-
tained for each x translation, for a total of five estimates of each.
The SSE expressions for y and z translations are similar. Note that
m, dy, and d; estimates were obtained from y translations, and m,
dy, and dy estimates were obtained from z translations. Overall m
and d values (mean + standard deviation) were calculated from
the estimates from all translations.
For x rotations, the SSE expression that was minimized is:

N
SSEw, (L) = > [Mx (D) — (haty (i) + dyE (D) — d:F (i) (5)
i=1
where N is as before, but for rotations, and dy and d, are mean
estimates identified earlier. An estimate of Iy (bold in Eq. (5)) was
obtained for each x rotation, for a total of five estimates. The SSE
expressions for y and z rotations are similar. Note that I, and I,
estimates were obtained from y and z rotations, respectively. Over-
all I'values (mean + standard deviation) were calculated from the
estimates from all rotations.
SSE expressions were minimized using the function fminsearch
in MATLAB (version R2017a, MathWorks, Natick, United States). A
complete set of SSE expressions is provided in Supplement S6.

2.3.3. Validation of estimated inertial properties

The mean estimates of the inertial properties and the equa-
tions for the inertial components were validated by calculating, for
all estimation and validation data, the coefficient of determination
(R?) between the measured and computed force or moment. Over-
all R? values (mean =+ standard deviation) were reported for esti-
mation and validation trials separately.

3. Results
3.1. Inertial properties of the CAREN extended system

Fig. 2 depicts representative time series of the linear displace-
ment (A) and acceleration (C) of the unloaded CAREN platform,
along with the measured force Fy (B) and moment M; (D), for a
ramp-and-hold x translation in an estimation trial. The 0.5 s inter-
vals of the translation used to estimate m and d, are marked with
bold lines. It can be clearly seen that the measured force Fy and
moment M, are affected by the motion of the platform.

In Table 1, the estimated inertial properties of the CAREN are
presented (mean + standard deviation). Listed are the values calcu-
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Fig. 2. Representative platform motion and corresponding force plate time series for a ramp-and-hold x translation in an estimation trial. A and C: linear displacement and
acceleration of the platform; B and D: corresponding measured force Fy and moment M,. Bold lines mark the 0.5 s intervals of the translation used to estimate the mass
resting on the force plate transducers, m, and the y component of the position of the center of mass relative to the average force plate transducer location, d,. Estimates of

m and dy obtained from the translation are shown.

Table 1

Estimated inertial properties of the CAREN extended system. Listed are the values calculated for each axis (from five esti-
mates for translations and five estimates for rotations) and across all movements. All values are presented as mean =+ stan-

dard deviation.

Axis and direction

Inertial property

m [kg] dy [cm] dy [cm] d, [cm] I [kg m?] I, [kg m?] I, [kg m?]

X 362.3+0.1 - -10.5+0.1 -8.3+0.1 139.5+2.5 - -

y 356.3+1.0 —-0.2+0.0 - —-13.3+0.2 - 165.1+£1.2 -
z 351.0+0.6 0.3+0.1 -6.9+0.3 - - - 46.3+0.2
Overall 356.5+4.8 0.0+0.3 -8.7+2.0 -10.8+2.6 139.5+25 165.1+1.2 46.3+0.2

lated for each axis (from five estimates for translations and five es-
timates for rotations) and across all movements. The overall value
for dx (0.0+0.3cm) indicates that the CAREN platform is symmet-
rical with respect to its yz plane.

3.2. Validation of computed inertial force and moment

Fig. 3A and B depict representative time series of the linear dis-
placement of the CAREN platform and the measured force Fy (black
line), respectively, for a random x translation in a validation trial.
Fig. 3C and D depicts representative time series of the platform
angle 0, and the measured moment My (black line), respectively,
for a random x rotation in a validation trial. In Fig. 3B and D, the
measured force Fy and moment My are compared to the computed
force F, and moment M, (gray lines), respectively. A visual inspec-
tion and respective R? values for the translation (R?2 = 0.94) and
rotation (R? = 0.96) suggest the ability of Eq. (2) and (3) to esti-
mate the inertial force and moment in CAREN force plate signals.

In Table 2, overall R? values (mean =+ standard deviation) for
estimation and validation trials are presented. Also presented are
values calculated from the five R? values from each translation or

rotation, for each component of the measured force and moment.
The overall R? value for the validation trials (0.90 + 0.08) confirms
that the mean estimates of the inertial properties, together with
Eq. (2) and (3), can predict the inertial force and moment in CAREN
force plate signals.

4. Discussion

The objectives of the present study were to develop a
method for estimating the inertial properties and FPIC for any
instrumented platform, and to estimate and validate the inertial
properties specifically for the CAREN. Low variability of the esti-
mated inertial properties for the CAREN (see Table 1) and excellent
agreement between the measured and computed force or moment
(see Fig. 3 and Table 2) confirm the adequacy of the developed
method to meet our objectives. It can be used for removing iner-
tial components from force plate signals, yielding reliable estimates
of ground reactions in biomechanical research and clinical assess-
ments. In what follows, we recommend a simplified experimental
procedure and assumptions for d for symmetrical platforms, dis-
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Fig. 3. Representative platform motion and corresponding force plate time series for a random x translation (A and B) and rotation (C and D) in the validation trials. A and
B: linear displacement of the platform, x, and comparison between the x component of the corresponding measured force (black) and the computed inertial force (gray).
The coefficient of determination, R?, between the forces was R? = 0.94. C and D: platform angle about the x axis, fx, and comparison between the x component of the

corresponding measured moment (black) and the computed inertial moment (gray).

Table 2

The coefficient of determination between the moments was R?> = 0.96.

Coefficient of determination (R?) values between the measured force and moment and the computed inertial force and moment, respectively. Shown are overall R?
values for estimation (ramp-and-hold) and validation (random) trials. Also shown are values calculated from the five R? values from each translation or rotation, for
each component of the measured force and moment. All values are presented as mean =+ standard deviation.

Axis Coefficient of determination (R?)

Fy Fy F, My M,y M,

Ramp- Trans. X 0.98 + 0.00 - - - 0.94 + 0.02 0.94 + 0.01
and- y - 0.98 + 0.00 - 0.90 + 0.01 - -
hold z - - 0.98 + 0.00 0.89 + 0.03 - -
Rot. X - - - 0.98 + 0.00 - -
y - - - - 0.99 + 0.00 -

z - - - - - 0.99 + 0.00

Random Trans. X 0.94 + 0.00 - - - 0.87 + 0.01 0.88 + 0.01
y - 0.96 + 0.00 - 0.85 + 0.01 - -
z - - 0.94 + 0.00 0.70 + 0.03 - -
Rot. X - - - 0.96 + 0.00 - -
y - - - - 0.96 + 0.00 -

z - - - - - 0.96 + 0.00

Overall ramp-and-hold: 0.96 + 0.04; overall random: 0.90 + 0.08.

cuss alternative SSE expressions, and elaborate on how overall R?
values were calculated.

4.1. Simplified procedure and considerations for symmetrical
platforms

Based on an inspection of the variability of the CAREN iner-
tial property values presented in Table 1, a simplified experimen-
tal procedure is recommended. Specifically, in the estimation trial
used to estimate m and d (translations), we recommend that only
one translation be performed for each axis, for a total of three
translations. Additionally, in the estimation trial used to estimate I’
(rotations), we recommend that only one rotation be performed for
each axis, for a total of three rotations.

For platforms that are known to be symmetrical with respect
to only one of their xy and yz planes (i.e., partial symmetry), we
recommend d, be assumed zero (for xy plane symmetry) or dy be
assumed zero (for yz plane symmetry) and not calculated from ac-

quired force, moment, and platform motion data. Since the CAREN
extended system is symmetrical with respect to its yz plane, we
recommend that, for this system, dy be assumed zero. For plat-
forms that are known to be symmetrical with respect to both their
xy and yz planes (i.e., full symmetry), we recommend both dy and
d, be assumed zero. Note that the method to estimate and remove
FPIC introduced by Preuss and Fung [14]| assumes full symmetry
and should therefore not be applied if the platform does not pos-
sess full symmetry. However, if the platform is known to possess
full symmetry, their method to estimate and remove FPIC is equiv-
alent to the one developed here. Nevertheless, it assumes knowl-
edge of the inertial properties of the platform.

4.2. Alternative to reduced method for estimating inertial properties
The reduced inertial force and moment used in the SSE expres-

sions (see Methods section) were chosen in this work because they
provide a simple method for estimating the inertial properties of a
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platform. Alternative SSE expressions may be developed that find
inertial property values that minimize the SSE between the mea-
sured force and moment and the inertial force and moment com-
puted using Eqs. (2) and (3), respectively. However, these SSE ex-
pressions would be coupled and therefore require a simultaneous
approach in solving them. Moreover, we expect that this alterna-
tive, more involved approach would yield similar inertial property
estimates to those obtained here, since: (1) the simplifying as-
sumptions made in deriving the reduced inertial force and moment
(see Supplements S4 and S5) are justified; and (2) the overall R?
value for the validation trials (0.90 £ 0.08) indicates that the mean
estimates of the inertial properties are acceptable.

4.3. Values used in calculating overall R? values

Overall R? values for estimation and validation trials were cal-
culated using only R? values from select components of the mea-
sured force and moment depending on the axis (i.e., x, y, or z) and
perturbation type (i.e., translation or rotation) (see Table 2). For a
particular axis and type of perturbation, R? values from force and
moment components were excluded (and not reported in Table 2)
if the force and moment components: (1) were theoretically zero
(e.g., Fy and My for x translations); (2) negligibly small due to dy
being negligibly small (e.g., M, for y translations); or (3) otherwise
negligibly small (e.g., all components of F, My, and M, for x rota-
tions).
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