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a b s t r a c t

Inertial motion capture (IMC) systems have become increasingly popular for ambulatory movement
analysis. However, few studies have attempted to use these measurement techniques to estimate kinetic
variables, such as joint moments and ground reaction forces (GRFs).

Therefore, we investigated the performance of a full-body ambulatory IMC system in estimating 3D
L5/S1 moments and GRFs during symmetric, asymmetric and fast trunk bending, performed by nine
male participants. Using an ambulatory IMC system (Xsens/MVN), L5/S1 moments were estimated based
on the upper-body segment kinematics using a top-down inverse dynamics analysis, and GRFs were
estimated based on full-body segment accelerations.

As a reference, a laboratory measurement system was utilized: GRFs were measured with Kistler force
plates (FPs), and L5/S1 moments were calculated using a bottom-up inverse dynamics model based on FP data
and lower-body kinematics measured with an optical motion capture system (OMC). Correspondence
between the OMCþFP and IMC systems was quantified by calculating root-mean-square errors (RMSerrors) of
moment/force time series and the interclass correlation (ICC) of the absolute peak moments/forces.

Averaged over subjects, L5/S1 moment RMSerrors remained below 10 Nm (about 5% of the peak extension
moment) and 3D GRF RMSerrors remained below 20 N (about 2% of the peak vertical force). ICCs were high
for the peak L5/S1 extension moment (0.971) and vertical GRF (0.998). Due to lower amplitudes, smaller ICCs
were found for the peak asymmetric L5/S1 moments (0.690–0.781) and horizontal GRFs (0.559–0.948).

In conclusion, close correspondence was found between the ambulatory IMC-based and laboratory-based
estimates of back load.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Mechanical loading of the spine has been identified as an
important risk factor for the development of low back pain
(Coenen et al., 2013; da Costa and Vieira, 2010; Kuiper et al., 2005),
which still is a major global medical/economic burden (Vos et al.,
2012). Therefore, many studies have investigated the effect of
ergonomic interventions on mechanical back loading, usually
employing laboratory equipment such as force plates (FPs) and
optical motion capture systems (OMC).

Although valuable information can be obtained from these
laboratory measurements, there is a growing need for low back
load assessment outside the laboratory, e.g., epidemiological sur-
veys (Kuiper et al., 1999) and intervention studies (Lötters and
Burdof, 2002). For such field studies it is often infeasible to utilize
the above mentioned laboratory measurement techniques.
Therefore, earlier biomechanical field studies used video analysis
(Coenen et al., 2013; Norman et al., 1998). However, such studies
are rare, probably because the laborious frame-by-frame data
analysis. To overcome this limitation, recently wearable mea-
surement systems have been developed for ambulatory assess-
ment of back loading (Freitag et al., 2007; Marras et al., 2010).
However, these new measurement systems are bulky. An alter-
native wearable system, which is less bulky and can even be worn
under the clothes, is and inertial/magnetic motion capture (IMC)
system, consisting of small inertial sensors (ISs) measuring 3D
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segment motions. Many studies have shown the validity of the
IMC system for measurement of kinematics (Cutti et al., 2008;
Faber et al., 2013b; Godwin et al., 2009; Luinge and Veltink, 2005;
Plamondon et al., 2007; Roetenberg et al., 2005). However, the
number of studies testing the validity of the system for the
assessment of the kinetics (e.g. joint moments) is limited (Godwin,
2009; Kim and Nussbaum, 2013; van den Noort et al., 2008).

Therefore, we studied the performance of a full-body IMC
system for estimating 3D L5/S1 moments during trunk bending. As
a reference, L5/S1 moments were calculated using a state-of-the-
art laboratory measurements system, measuring GRFs with FPs
and measuring full-body kinematics with an OMC system. In
addition to L5/S1 moments, we also evaluated how well ground
reaction forces (GRF) due to body accelerations can be estimated.
The latter could potentially be used to estimate hand forces (Faber
et al., 2013a) when combined with ambulatory GRFs measure-
ments (Faber et al., 2009b). Moreover, since GRF can be measured
directly and accurately this provides an accurate tool to validate
IMC-based kinetic analyses.

2. Methods

2.1. Subjects and experimental procedures

Nine healthy male subjects (age: 36711years, mass: 81712 kg, height:
17879 cm) participated in the experiment that was approved by institutional
review boards of the Harvard T.H. Chan School of Public Health and the Liberty
Mutual Research Institute for Safety. After providing written consent, subjects were
equipped with all the measurement instrumentation and after some calibration
measurements (see following sections) subjects performed the following trunk
bending tasks in one trial.

1. Symmetric trunk bending at normal speed

2. Asymmetric trunk bending at normal speed

3. Symmetric trunk bending at fast speed

Fast trunk bending was not performed asymmetrically, because of risk of injury.
Subjects were verbally instructed about the trunk bending direction (“straight
forward” and “about 45° to the left”) and bending speed (‘normal’, ‘fast’).

Because of the strongly distorted magnetic field close to the force plates, trials
started with the subject standing on a platform next to the measurement volume.
After starting the measurement, subjects walked onto force platforms and

performed each of the 3 trunk bending tasks once. Total time of the trial was
usually below 1 min.

2.2. Instrumentation and data pre-processing

GRF were measured with two Kistler FPs, recorded at 200 samples/s (type
9286AA, Kistler Instrumente AG, Winterthur, Switzerland). Furthermore, full-body
kinematics were measured with an Xsens IMC system at 120 samples/s (MVN,
Xsens technologies B.V., Enschede, the Netherlands) and with an Certus Optotrak
OMC system at 50 samples/s (Northern Digital, Waterloo ON, Canada). All signals
were resampled to 120 samples/s using linear interpolation.Forces and kinematics
were bi-directionally low-pass filtered with a second-order Butterworth filter at
15 Hz and 5 Hz, respectively. FP and OMC data were measured synchronously and
the IMC data was synchronized based on the IMC and OMC resultant angular
velocity of the head segment.

For the IMC system, the standard full-body MVN setup was used (Kim and
Nussbaum, 2013; Roetenberg et al., 2013) consisting of 17 miniature inertial sensors
(ISs). Data was recorded using Xsens software (MVN Studio 3.0, Xsens technologies
B.V., Enschede), providing a built-in anatomical human body model. For the OMC
system, marker clusters were used to capture segment motion.

For both the OMC and IMC systems, motion sensors (ISs and marker clusters)
were attached to the pelvis, head, the upper arms, forearms, thighs, shanks, and
feet. In addition, in accordance with the requirements of the built-in anatomical
model, ISs were placed on both scapulae, the sternum and hands; and a marker
clusters was placed on the posterior side of the thorax. Because most marker
clusters were (rigidly) attached to the inertial sensors, only non-magnetic material
was used in the clusters (verified with magnetic field IS output).

2.3. FPþOMC based L5/S1 moments and GRF assessment

First, FP and OMC data were expressed in the same global coordinate system
(Fig. 1). Summing the GRFs measured by the two FPs provided the total GRF. For all
16 OMC modeled body segments (feet, shanks, thighs, pelvis, abdomen, thorax,
head, upper arms, forearms and hands), anatomical coordinate systems, center of
mass (CoM) position, and inertial parameters were calculated based on anatomical
landmarks that were related to the corresponding marker clusters using a probe
with four markers (Cappozzo et al., 1995). L5/S1 moments were calculated based on
the GRFs and lower-body kinematics (OMClower), using a bottom-up inverse
dynamics model (Kingma et al., 1996) with improved anthropometric modeling
(Faber et al., 2009 a). All data (pre-) processing described above and below was
programmed in Matlab.

2.4. IMC based L5/S1 moments estimation

For anatomical calibration (relating the ISs to the corresponding segment
coordinate systems) of the built-in MVN body-model, stature and segment lengths
were inputted into the MVN software and an upright calibration posture was
recorded (N-pose) (Roetenberg et al., 2013). The MVN software reports calibration

Fig. 1. (A) Photo of a fully equipped subject performing the asymmetric trunk bending task. The direction of the anterior–posterior (aligned with the force plate) and vertical
axes of the global reference frame are indicated by the arrows. (B) Screenshot of the built-in anatomical body-model (note the bony landmarks) of the inertial motion capture
(IMC) system (MVN Studio 3.0, Xsens technologies B.V., Enschede). (C) Screenshot from Matlab visualization of the 3D inverse dynamics model, based on the imported IMC/
MVN data (note the center of mass of each segment: red triangles).

G.S. Faber et al. / Journal of Biomechanics 49 (2016) 904–912 905



quality in one of four levels (good, acceptable, fair and poor), and a minimum of
acceptable quality was ensured. The Kinematic Coupling (KiCTM) algorithm was
enabled in the software, compensating for possible magnetic disturbances of the
lower-body kinematics.

The MVN defines the forward axis of the IMC global coordinate system as the
direction of the local earth magnetic field. To align it with the OMC global coor-
dinate system, data were rotated around the common vertical axis, such that the
new forward global IMC axis was aligned with the anterior directed pelvis axis
measured in the upright position before the first trunk bending.

To estimate full-body segment CoM positions and inertial properties, bony
landmark and joint position estimates (including the L5/S1 joint) provided by the
built-in MVN body-model were used as input to our 3D model that we also used for
the OMC system (same 16 body segments).

MVN provides, based on the IS inertial recordings, for each segment the angular
velocity (ω2), angular acceleration (α) and the linear acceleration of the origin
(a_origin) of the segment (usually the proximal joint) in the earthbound coordi-
nate system. To calculate the segment CoM accelerations (a_CoM) the following
equation was used for each segment:

a_CoM¼ a_originþα# CoM$originð Þ$ω2ðCoM$originÞ

IMC L5/S1 moments were estimated based on the upper-body segments
(IMCupper) using a “top-down” inverse dynamics model (Kingma et al., 1996). Note
that for this analysis, the above calculated segment angular velocities and linear
accelerations were used (rather than recalculated based on the MVN position data).

2.5. IMC based GRF estimation

IMC GRF was estimated (GRFest) based on above calculated CoM accelerations
of all segments (i)

GRFest ¼ $
Xq

i ¼ 1

½mi ( ðaCoMi$gÞ)

where g is the gravitational vector and q is the total number (16) of body segments
of the entire full-body model (IMCfull).

2.6. Additional OMC based top-down L5/S1 moments and GRF calculation

To test if IS measurement error played an important role, the IMC GRFfull
estimation method described above, was utilized again but now based on the full-
body OMC kinematics (OMCfull). In addition, because reference bottom-up calcu-
lated L5/S1 moments are not directly measured like the GRFs but estimated using a
3D inverse dynamics model, which includes a number of assumptions (eg CoM
position, mass distribution, rigid segments), it has a limited accuracy. The accuracy

of such inverse dynamics analysis of L5/S1 moments is often quantified by per-
forming a top-down versus bottom-up comparison (Kingma et al., 1996;
Plamondon et al., 1996). To verify the validity of the reference OMC based bottom
up L5/S1 moment calculations in the current experiment, we also calculated the
top-down L5/S1 moments based on the upper-body OMC data (OMCupper), identical
to the way it was done based on the IMC data.

2.7. Data reduction and statistics

The correspondence between the outcomes of the reference OMCþFP system and
the IMC systemwas quantified for all 3D components of the L5/S1moment (extension,
lateral flexion, twist) and of the GRF (vertical, posterior-anterior, mediolateral), for
each task separately. For all time series, root-mean-squared errors (RMSerrors) and
coefficients of determination (R2) were calculated. Furthermore, absolute peak values
extracted from the time series of the reference OMCþFP system were compared to
absolute peaks of the IMC system using paired t-tests. Finally, for the absolute peak
values of all the tasks together, intraclass correlations coefficients (ICCs) were calcu-
lated using ICC(2,1) (Shrout and Fleiss, 1979).

The analysis described above was repeated, now comparing the reference
FPþOMC system outcomes (L5/S1 moments and GRF) with the additional OMCupper
based top-down L5/S1 moments and with the additional OMCfull based GRF esti-
mation. Furthermore, the correspondence (RMSerrors, R2 and ICCs) was statistically
compared to correspondence between the OMCþFP system and the IMC system
described above. For the RMSerrors and R2-values this was done using paired t-
tests. ICCs were considered significantly different in case the confidence intervals
did not overlap.

3. Results

Fig. 2 presents a typical example of an asymmetric trunk
bending trial, showing the GRF and 3D L5/S1 moment time series
calculated based on the reference laboratory system analyses (FP &
FPþOMClower), the IMC system analyses (IMCfull & IMCupper), and
the additional laboratory system analyses (OMCfull & OMCupper).

3.1. L5/S1 Moments

3.1.1. Agreement of L5/S1 moment time series
For symmetric and asymmetric as well as fast trunk bending,

the correspondence between the L5/S1 extension moment

Fig. 2. Typical example of an asymmetric trunk bending trial, showing the 3D GRF (A–P¼anterior–posterior; M-L¼mediolateral; VERT¼vertical) and L5/S1 moment
(LaFl¼ lateral flexion; Fl-Ex¼ flexion-extension; Twist) time series calculated based on the reference laboratory system analyses (FP & FPþOMClower), the IMC system
analyses (IMCfull & IMCupper), and the additional laboratory system analyses (OMCfull & OMCupper).
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Fig. 4. Correspondence between the peak absolute L5/S1 moments calculated using a bottom-up analysis based on force plate data and lower-body kinematic measured with
an optical motion capture system (FPþOMClower), and the L5/S1 moments calculated using a top-down analysis based on upper-body kinematics measured either by a inertial/
magnetic motion capture system (IMCupper) or by an optical motion capture system (OMCupper). (A) Differences between the absolute peaks, averaged over subjects. *¼
significantly different from reference method. (B) Scatter plots of absolute peaks and intraclass correlations coefficients (ICC [confidence interval]) of all tasks and subjects
together. Note that non-overlapping confidence intervals indicate a significantly different ICC.

Fig. 3. L5/S1 moment time series correspondence (RMSerrors & R2-values) between the L5/S1 moments calculated using a bottom-up analysis based on force plate data and
lower-body kinematics measured with an optical motion capture system (FPþOMClower), and the L5/S1 moments calculated using a top-down analysis based on upper-body
kinematics measured either by a inertial/magnetic motion capture system (IMCupper) or by an optical motion capture system (OMCupper). *¼significant difference between
FPþOMClower vs. IMCupper and FPþOMClower vs. OMCupper. The error bars indicate the standard deviation.
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Fig. 6. Correspondence between the peak absolute GRFs measured by the force plates (FPs) and the peak absolute GRFs estimated based on full-body kinematics recorded
either by the inertial/magnetic motion capture system (IMCfull) or by the optical motion capture system (OMCfull). (A) Differences between the absolute peaks, averaged over
subjects. *¼ significantly different from reference method. (B) Scatter plots of absolute peaks and intraclass correlations coefficients (ICC [confidence interval]) of all tasks
and subjects together. Note that non-overlapping confidence intervals indicate a significantly different ICC.

Fig. 5. Ground reaction force (GRF) time series correspondence (RMSerrors & R2-values) between the GRFs measured by the force plates (FPs) and the GRFs estimated based
on full-body kinematics recorded either by the inertial/magnetic motion capture system (IMCfull) or by the optical motion capture system (OMCfull). *¼significant difference
between FP versus IMCfull and FP versus OMCfull. The error bars indicate the standard deviation.

G.S. Faber et al. / Journal of Biomechanics 49 (2016) 904–912908



estimates from the reference OMCþFP method and the IMC sys-
tem was very good (Fig. 3), with R2-values above 0.993 and
RMSerrors below 10 Nm (about 5% of the peak L5/S1 extension
moment).

For the L5/S1 lateral flexion and twist moments, R2-values were
substantially lower than for the L5/S1 extension moment, espe-
cially in symmetric and fast trunk bending (Fig. 3). However, the
RMSerrors were not larger (also below 10 Nm), indicating that the
lower correlations were caused by the smaller L5/S1 moment
variance rather than less accurate L5/S1 moment estimation by the
IMC system.

When applying the top-down inverse dynamics moment esti-
mation method to the OMC data, for the extension and twist
moments a similar correspondence with the reference FPþ
OMClower method (R2-values & RMS errors) was found as when
comparing IMCupper and reference FPþOMClower outcomes. For the
L5/S1 lateral flexion moment significantly smaller RMSerrors (for
symmetric an fast trunk bending) and higher R2-values (for
asymmetric and fast trunk bending) were found than in the
IMCupper versus FPþOMClower comparison.

3.1.2. Agreement of L5/S1 moment peaks
In line with the small RMSerrors, none of the tasks showed

significant differences between the reference FPþOMClower and
IMCupper peak L5/S1 moments (Fig. 4A). The ICC (Fig. 4B) was high
for the L5/S1 extension moment (0.971) and somewhat lower for
the L5/S1 lateral flexion (0.781) and L5/S1 twist (0.690) moments.

When using the OMCupper instead of the IMCupper data for the
calculation of the top-down L5/S1 moments (the additional cal-
culation), the difference between the top-down and bottom-up
average peak L5/S1 moments did not seem to reduce (Fig. 4A), and
using OMCupper even slightly overestimated peak L5/S1 extension
moments. However, judging from the ICC plots (Fig. 4B, lower
panel), individual peak L5/S1 lateral flexion moments were more
accurately estimated based on the OMCupper instead of the
IMCupper data, resulting in a significantly higher ICC value for the
OMCupper estimates (0.962 versus 0.781).

3.2. Ground Reaction Forces (GRF)

3.2.1. Agreement of GRF time series
For symmetric and asymmetric trunk bending at normal speed,

the correspondence between the vertical GRF measured by the
force plate and estimated by the IMC system was good, with R2-
values above 0.981 and RMSerrors below 10 N (Fig. 5), which is
about 1% of the peak vertical GRF. For the anterio-posterior and
medio-lateral GRF, R2-values were substantially lower (around 0.6)
but the RMSerrors were comparable, suggesting that the lower R2-
values were related to the smaller GRF variance for those direc-
tions rather than less accurate GRF estimation by the IMC system.
For fast trunk bending, R2-values were comparable to those for the
other tasks, while RMSerrors in vertical and AP direction were
about twice as high but remained below 20 N (Fig. 5), which is
about 2% of the peak vertical GRF.

When utilizing the same GRF estimation method, but now
based on the laboratory OMC data, similar differences with the FP
measured GRF were found in most cases (Fig. 5). Only for the
vertical GRF during symmetric and fast trunk bending somewhat
smaller RMSerrors were found for the OMC system.

3.2.2. Agreement of GRF peaks
In line with the correlations and RMSerrors, the correspondence

between the peaks in the vertical GRF (dominant GRF component)
measured by the FP and estimated using the IMC system was

generally good (Fig. 6A). Only for fast trunk bending, a slight (but
significant) systematic overestimation (about 15 N) of the peak was
found. Furthermore, the ICC (Fig. 6B) of the vertical GRF peaks
between FP and IMCfull estimation was high (0.998).

The anterior–posterior and mediolateral peak GRF were some-
what overestimated (by about 10 N) by the IMC in symmetric and
fast trunk bending. In combination with lower peak values and less
variance of the peak values over subjects and tasks compared to the
vertical GRFs, this resulted in substantially lower ICCs (0.948 for
anterior-posterior GRF; 0.559 for mediolateral GRF).

When applying the IMCfull GRF estimation method to the OMC
system data, similar results were found for the mean peak GRF
(Fig. 6A), except for the vertical GRF during fast trunk bending, where
slightly lower mean peak values were found when using the OMC
system (non-significantly different from the reference FP measure-
ments). ICCs were also very comparable and not significantly differ-
ent from the FP versus IMCfull ICCs (Fig. 6B, lower panel).

4. Discussion

The present study evaluated the performance of a full-body
inertial motion capture (IMC) system for estimation of L5/S1
moments and 3D ground reaction forces (GRFs) during trunk
bending. As a reference, GRFs were measured with force plates
(FPs) and L5/S1 moments were calculated based on data from an
optical motion capture (OMC) system and the FPs.

4.1. Dominant L5/S1 moment and GRFs components

The results show good correspondence between the IMC and
the reference FPþOMC measurement systems for the dominant
components, the L5/S1 extension moment and the vertical GRFs.
Differences between time series were small (L5/S1 extension
moment RMSerror o5% of peak; vertical GRF RMSerroro2% of
peak) and the patterns were very similar (L5/S1 extension moment
R240.993; vertical GRF R240.981;). Furthermore, the peak values
in the time series were very comparable (L5/S1 extension moment
ICC 40.971; vertical GRF ICC40.998), with only for fast trunk
bending a slight but systematic overestimation of the peak vertical
GRF by the IMCfull (about 15 N or 1.5% of the peak vertical GRF).
These results support the validity of the dominant components of
the IMC-based L5/S1 moments and GRFs.

The performance of the presented IMC-based L5/S1 extension
moment estimation seems to somewhat better than the performance
reported in previous studies using inertial sensors (Godwin, 2009;
Kim and Nussbaum, 2013): RMSerrors o10 Nm in the current study
compared to 15–20 Nm in previous work. However it is unclear if
these differences are related to the difference in assessment method
(read Sections 4.4 and 4.5 for possible explanations) and/or differ-
ences in experimental tasks (e.g. in the study by Kim, the subjects
actually lifted a box). We are not aware of any previous papers
estimating GRFs based on multiple inertial sensors.

4.2. Non-dominant L5/S1 moment and GRFs component

For the non-dominant components, the L5/S1 lateral flexion
and twist moments and the anterior-posterior and mediolateral
GRFs, the time series differences with respect to the reference
measurement system were comparable to or smaller than the
differences found for the dominant terms (L5/S1 moment
RMSerroro10 Nm; GRF RMSerroro20 N).

Also, the difference in the peak values were comparable to the
ones found for dominant components: no systematic differences
with the reference measurement systemwere found for the peak L5/
S1 moments and mean peak GRFs overestimation stayed below 15 N.

G.S. Faber et al. / Journal of Biomechanics 49 (2016) 904–912 909



In contrast, in comparison to the results for the dominant
components, for the non-dominant L5/S1 moment and GRF com-
ponents, the R2-values of the time series and ICCs of the peaks
were much lower. However, considering the comparable absolute
errors this is most likely due to smaller signal variance rather than
a less accurate measurement.

Previous studies have reported similar performance for the non-
dominant L5/S1 moments when using inertial sensor systems
(Godwin, 2009; Kim and Nussbaum, 2013). Again, because of differ-
ences in experimental tasks, making a fair comparison is difficult.

4.3. Sources of error

When estimating the GRFs based on the segment accelerations
measured by the reference OMC system instead of IMC system,
overall results were not much different (only a few small differences
for the vertical GRF). This indicates that the errors in the IMC GRF
estimations were not mainly a result of sensor measurement errors
(e.g. acceleration/orientation) but rather of inaccuracies in the
assumptions in the GRF estimation method (e.g. distribution of body
mass over segments, center of mass location, non-rigid segments).
This implies that future sensor improvements will probably not
result in substantially better GRF estimation accuracy.

For the L5/S1 moments, it is important to realize that the
reference method has a limited accuracy itself, since the moment
is not directly measured but estimated through inverse dynamics.
An indication of the accuracy is usually obtained by comparison
with a top-down analysis (internal validity), as done in the present
study. Thus, if correspondence between L5/S1 moment estimates
of the reference laboratory FPþOMClower system and the IMCupper
system is comparable to the correspondence between the two lab

estimates (FPþOMClower vs OMCupper), this would imply that the
accuracy of the ambulatory IMC system is comparable to the
accuracy of the lab system.

For the L5/S1 extension moment, this seems to be the case. No
significant differences in R2 and RMSerrors were found between
FPþOMClower vs IMCupper and FPþOMClower vs OMCupper time
series. Moreover, the OMCupper estimates showed even a sys-
tematic overestimation with respect to the reference FPþOMClower

model, where the IMSupper estimates did not. This overestimation
is in line with previous research (Kingma et al., 1996) based on
OMC data and might be due to markers on the trunk shifting
cranially during trunk bending due to skin motion. This is also a
possible explanation for the fact that this problem does not occur
when measuring with inertial sensors where the absolute position
of the sensors is not measured, but the body is reconstructed
based on sensor orientations.

For the asymmetric L5/S1 moment components, the corre-
spondence with FPþOMClower results was lower for the IMC sys-
tem than for the OMCupper system for the time series (R2 and
RMSerrors) and the peaks (ICCs). This may be related to the errors
in capturing angles around the global vertical in the IMC. However,
no systematic overestimation or underestimation of the peaks was
found. This suggests that the system is suitable for estimating
asymmetric L5/S1 moments as long as a sufficient number of
participants is measured, to average out these random errors.

4.4. Alternative data processing

In the current study, we used the acceleration and angular
velocity of the segments that was directly derived from the local IS
measurements. Alternatively, segment accelerations could also

Fig. 7. Typical example of the trial that was also presented in Fig. 2. The only difference with Fig. 2 is that the IMC estimates are now calculated based on the derivatives of
the positions/orientation obtained from the built-in anatomical MVN/Xsens model, instead of directly derived from the inertial sensor measurements. Compared to Fig. 2 this
clearly leads to a more noisy result, especially for the Horizontal ground reaction forces.
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have been obtained by taking the second derivative of the position
and segment orientations. However, this analysis resulted in more
noise, especially for horizontal GRFs (Fig. 7). This is probably
because position is not directly calculated based on locally mea-
sured accelerations, but the outcome of the built-in MVN body-
model, consisting of linked body segments. This body model is
constructed based on the segment lengths and orientations (which
is based on fusion of accelerations, angular velocity and magnetic
field signals), and contact points between the feet and floor. All
these constraints apparently have a substantial effect on the ana-
lyses performed in the present study. Some of the issues men-
tioned above might also explain the larger L5/S1 moment errors
(around 20 Nm) found in one other study during trunk bending
performed by a single subject (Godwin, 2009).

4.5. Limitations

It should be mentioned that only healthy male subjects parti-
cipated in the current experiment. It could be that system per-
formance will be different for women (different anthropometry)
and for obese people (mass distribution, wobbling masses). Fur-
thermore, only trunk bending tasks were performed. Future stu-
dies should investigate applicability of the pretested estima-
tion methods in other tasks such as walking, running and jump-
ing where impact GRFs may be of special interest (Neugebauer
et al., 2014).

Also, the current analysis only provides estimates of GRF and
L5/S1 moments due to motion of the body segments. Therefore, in
case forces are exerted by the hands (e.g during manual materials
handling), the additional GRFs and L5/S1 moments caused by this
external force, are not taken into account. Because measuring
hand forces is often infeasible in most field studies, hand forces
could be estimated by measuring GRF with instrumented force
shoes (Faber et al., 2009b) and then subtracting the forces due to
body motion as calculated in the present study (Faber et al.,
2013a). These estimated hand forces can then be used in a top-
down analysis of the L5/S1 moments. It has been speculated (Faber
et al., 2013a) that this indirect top-down analysis could perform
better than directly using the force shoe GRFs in a bottom-up
model because position errors at the end of the segment chain
have a larger effect on the L5/S1 moments when the forces are
higher (GRF vs Hand forces). This is supported by a few studies
using a bottom-up approach based on MVN data (Kim and
Nussbaum, 2013) and comparing the use of segment orientation
instead of position (Faber et al., 2010), which found larger L5/S1
moment errors than in the current study (errors up to 30 Nm
compared to 10 Nm in the current study).

One final limitation is that in the current experiment, subjects
started each trial in a homogenous magnetic field, on a platform
next to the measurement volume. Thus, the system performance
presented here is for a best-case scenario. In the field, system
performance might drop due to prolonged magnetic disturbances
(Roetenberg et al., 2005). However, as long as the subject keeps
moving, the MVN software can make use of its Kinematic Coupling
(KiCTM) algorithm, which makes the lower body segments (that
are mainly exposed to strong magnetic fields due to metal in the
floor) insensitive to magnetic disturbances (Roetenberg et al.,
2013). One study (Kim and Nussbaum, 2013) reported that the
MVN system has shown a quite robust measurement performance
during prolonged measurement in the laboratory, in the vicinity of
ferromagnetic objects such force plates and tables with iron frame.
More studies are needed to verify this result in the field setting.

4.6. Conclusion

This study showed good correspondence between kinetic
estimates (L5/S1 moments and ground reaction moments)
obtained using an ambulatory inertial motion capture system and
a state-of-the-art laboratory measurement system (force pla-
teþoptical motion capture system). Thus, the inertial motion
capture system is a potential candidate for ambulatory assessment
of back loading in field settings. Future work should evaluate the
performance of this system during prolonged trials in industrial
settings (where the magnetic field is disturbed), and expand the
measurement system with measured or estimated hand forces.
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