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ABSTRACT

Three-dimensional analysis of the musculoskeletal system typically involves measurements of ground
reaction forces and moments (GRF&Ms) with floor-mounted force plates and segment kinematics
measured with optical cameras that are expensive and inconvenient to use in the field. Recent advances
in inertial motion capture (IMC) provides new opportunities of full-body motion capture in any
working environment. Also, newly developed methods allow the prediction of GRF&Ms with only full-
body segment kinematic as input to a musculoskeletal model. In the present study, a novel analysis
approach was investigated to estimate the internal loading on the lumbar spine exclusively with input
from IMC. Validation of the IMC model was done comparing GRF&Ms and L4-L5 joint reaction forces
(JRFs) for 13 subjects during common manual materials handling (MMH) tasks with a standard
laboratory model. Pearson’s correlation coefficients, relative and root-mean-square error, magnitude
and phase error were calculated to compare GRF&Ms and L4-L5 JRFs. The results generally showed
best agreement for vertical GRFs, sagittal GRMs, frontal GRMs, L4-L5 axial compression forces, and
anteroposterior shear forces. The present study proposed a novel method to investigate spine loading
in the field using only IMC and musculoskeletal modelling.

1. Introduction

Low back pain (LBP) is the most frequent work-related
musculoskeletal disorder (Andersson, 1999), and has been
consistently associated with work tasks involving manual
materials handling (MMH) (Cole and Grimshaw, 2003;
Dempsey, 1998; Waters et al., 2006). MMH tasks such as lifting,
imposes high compression forces on the spine, typically
measured at [4-L5 and L5-S1 discs (Anderson et al., 1985;
Dempsey, 1998; Wilke et al, 2001), which can result in
fractures, degeneration of the lumbar vertebrae, or permanent
injury to the intervertebral discs and vertebral endplates
(Adams and Hutton, 1983; Brinckmann et al., 1998, 1989; Van
Dieén et al., 1999). However, the assessment of spinal loads in
vivo are challenging and rarely done due to the invasive
methods involved (Wilke et al., 2001). For this reason, several
other methods have been implemented in an attempt to
estimate these forces, including two-dimensional and three-
dimensional biomechanical models (van Dieén et al., 2010).
Moreover, the impracticality of direct measurements of the
compression forces in the spine have led to the development
of anatomically detailed, computer-based musculoskeletal
models (Dreischarf et al., 2016).

The internal loadings of the musculoskeletal system can be
calculated using either forward dynamics or invers dynamics
(Pandy and Andriacchi, 2010). In forward dynamics, the
muscle forces are estimated by integrating the equations of
motion forward in time using neural excitation. Forward
dynamics have been applied to understand the cause and

effect of lower extremity muscles during e.g. gait (Barrett et
al., 2007), however a major drawback from the method is the
computation time. Contrarily, in inverse dynamic analysis
(IDA) the Newton Euler equations are solved based on
measured kinematics to find joint net moments which can be
distributed between muscles according to an optimality
criterion (Damsgaard et al., 2006).

Previously, de Zee et al. (2007) designed a generic, detailed
musculoskeletal model of the spine with seven rigid segments
that can be incorporated in IDA to estimate the internal
loading of the spinal column. The validity of the generic spine
model have been extensively investigated showing good
agreement with in vivo intradiscal pressure measurements in
the L4-L5 discs during lifting (de Zee et al., 2007; Rajaee et al.,
2015; Rasmussen et al., 2009). The generic model was
developed in an open source programming language, and
several improvements have been made to the original model,
including the implementation of joint properties (disc height,
rotation angles and stiffness), long and short segmental
muscles, intra-abdominal pressure and lumbar ligaments
(Han et al., 2012). These additions have improved the
performance of de Zee’s model, especially during lifting of
heavy objects. More recently, Bassani et al. (2017) validated the
model with actual motion capture data which showed good
agreement with in vivo data from Wilke et al. (2001).

The quantification of body kinematics and kinetics in the
workplace would ideally be performed in situ, since
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laboratory experiments typically involve simplifying and
constrained movements to some extent, as well as excluding
other workplace factors (e.g. physical constraints, workplace
culture etc.) (Kim and Nussbaum, 2013). Until recently
accurate IDA in the field would involve camera based motion
capture and floor-mounted force plates (Faber et al., 2008) or
instrumented force shoes (Veltink et al., 2005). However, due
to the evolution in methods to predict GRF&Ms, IDA in the
field mainly depends on the ability to obtain accurate segment
kinematics of the full body (Fluit et al., 2014; Karatsidis et al.,
2018; Peng et al., 2017; Skals et al,, 2017a, 2017b). Recent
advances in ambulatory motion tracking systems, such as
inertial motion capture (IMC), allow the application of full-
body motion capture in any working environment without the
drawback from magnetic distortions (Filippeschi et al., 2017;
Roetenberg et al., 2013). Kinematic input to a musculoskeletal
model using orientation estimates from full-body ambulatory
IMC measurements have already been assessed (Koning et al.,
2015), and tested with inverse dynamic calculations
(Karatsidis et al., 2018). However, the validity full-body
analysis during typical MMH task have yet to be investigated
before such analysis approaches are performed in the field.

Therefore, the aim of the present study was to validate the
estimation of L4-L5 spinal forces based on a musculoskeletal
model driven exclusively using IMC data and ground reaction
force prediction during various lifting and transferring tasks.
To achieve this, we compared the joint reaction forces (JRFs)
at the [4-L5 discs and the predicted GRF&Ms to an optical
motion capture and force plate-driven musculoskeletal model.
This approach will help determine if musculoskeletal models
driven by IMC-data and ground reaction force prediction can
be used to estimate spinal loading during MMH tasks in the
field.

2. Methods
2.1 Subjects

9 healthy males and 4 healthy females (age 25.7 + 3.3 years,
height 179.3 + 7.8 m, weight 76.6 + 12.0 kg) with no present
musculoskeletal or neurological disorders participated in the
study. The study followed the ethical guidelines from The
North Denmark Regional Committee on Health Research
Ethics and all subjects provided written informed consent
prior to data collection.

2.2 Instrumentation

Motion analysis was performed using the OMC and IMC
systems simultaneously. Full-body trajectories of 42 passive
reflective markers were recorded with 8 infrared Oqus
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cameras (Qualisys, Goteborg, Sweden) sampling at 120 Hz.
The marker protocol was similar to Karatsidis et al. (2016) and
is shown in Appendix 1. Also, full-body kinematics were
measured using 17 inertial measurement units (IMUs) (Xsens
MVN Awinda, Xsens Technologies BV, Enschede, The
Netherlands) sampling at 60 Hz. The placement of the 17
strap-based IMUs is shown in Appendix 1. GRF&Ms (Fx, Fy,
Fz, Mx, My, Mz) were measured using three floor-mounted
force plates (AMTI, Watertown, MA, USA), one placed
beneath each foot and one beneath the box, sampling at 1200
Hz. All measurements were synchronized using a TTL trigger
in Xsens MVN Analyze (v.2018.0.0).

2.3 Experimental procedure

The experimental session lasted approximately two hours.
Initially, the IMUs and reflective markers were attached to the
subjects. As a preventive measure for reducing soft-tissue
artefacts (STA) for the reflective markers, the male
participants were shirtless and thus not using the provided
Xsens MVN Awinda shirt. The shoulder, pelvis, and sternum
IMUs were attached with double-sided tape to the skin. Due
to variations in anthropometric measurements, several body
dimensions were entered manually into the MVN software.
Subsequently, subjects were asked to stand in an N-pose and
perform a short walking trial to calibrate the IMC system
(Cutti et al., 2010; Roetenberg et al., 2013; Xsens Technologies,
2017).

All subjects performed six different lifting tasks and two
transferring tasks in their own pace, including symmetrical
lifting, asymmetrical lifting, and load transferring, as
illustrated in Fig. 1. Specifically, the lifting tasks (LIFTUP-
5/10) involved lifting a box (0.40 x 0.295 x 0.235 m) of different
weights (5, 10 kg) from the ground to an upright position and
back to the starting point. Load transferring (TRA-5/10)
involved moving a box of different weights (5, 10 kg) from a
table of 1 m height to a similar table and back to the starting
point. The tables were placed to the right and left of the
participant at 0.2 m distance from the right and left foot. The
symmetric (SYM-5/10) and asymmetric lifting (ASYM-5/10)
tasks involved lifting a box with different weights (5, 10 kg)
from the floor and place it on a table at 0.8 m height for both
tasks. For ASYM-5/10 conditions, the table was placed to the
right of the participant at 0.2 m distance from the right foot,
whereas for SYM-5/10 conditions, the table was placed in
front of the participant. Prior to data collection, the
participants performed all tasks to familiarize them to the
movements. Three repetitions were performed for each task in
a randomized order totaling 24 lifts for each subject.
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SYM-5/10 ASYM-5/10
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Fig. 1: a-d: Lifting and transferring phases from start-cycle to mid-
cycle to end-cycle. LIFTUP-5/10 (a) includes lifting a 5-10 kg box to an
upright position. TRA-5/10 (b) includes transferring of a 5-10 kg box
between two tables. SYM-5/10 (c) includes symmetric lifting and
placing of a 5-10 kg box on a table. ASYM-5/10 (d) includes
asymmetric lifting and placing of a 5-10 kg box on a table.

2.4 Model setup

The motion data from IMC was exported as a Biovison
Hierarchy (BVH) file from the MVN software. The motion
data and analog data from OMC was exported as a Coordinate
3D (C3D) file from Qualisys Track Manager 2.16. The 3D
coordinate and analog data from OMC and raw 3D coordinate
data from IMC was segmented in MATLAB® (R2018a,
Mathworks Inc., Natick, MA USA) using the vertical GRF
beneath the load, to isolate the period in which the participant
was in contact with the load. Concerning the tasks involving
transfer, the first and last peak flexion angles from the left
shoulder joint were detected from the Xsens IMU data
(mvnx), and the period in between were used to define the
period of load contact. From the laboratory measurements,
three musculoskeletal models were developed, each driven
from a different kinematic and kinetic input: (1) optical motion
capture and measured ground reaction forces (OMC-MGRF),
(2) optical motion capture and predicted ground reaction
forces (OMC-PGRF), and (3) inertial motion capture and
predicted ground reaction forces (IMC-PGRF), as illustrated in
Fig. 2. The musculoskeletal models were developed in the
AnyBody Modelling System (AMS) v. 7.1 (AnyBody
Technology, Aalborg, Denmark) using the Plug-in-gait-
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MultiTrial_StandingRef as template for OMC-MGRF and
OMC-PGRF models, while BVH_Xsens was used as the
template for the IMC-PGRF model. All templates were
extracted from Anybody Managed Model Repository v. 2.1
(Damsgaard et al., 2006). The box used in the experiment were
geometrically modelled as a rectangular box in
SOLIDWORKS 2017 (Dassault Systemes S.A., Vélizy-
Villacoublay, France) with equivalent dimensions (0.40 x 0.295
x 0.235 m). The inertial properties were computed for each
weight (5, 10 kg) around the center of the object. Additional
programming code in AMS generated the box in the model
with information about mass, orientation, location, size,
inertia, and rigid connections between the box to the hands.

OMC-MGRF was considered the golden standard, as it is
the most commonly used system for providing kinematic and
kinetic input to musculoskeletal models. The models had 39
degrees of freedom and the lower extremity model was based
on the cadaver study of Carbone et al. (2015), the lumbar spine
model was based on the work of de Zee et al. (2007), Hansen
etal. (2006), and the enhancements of Han et al. (2012), and the
shoulder and arm models were based on the research from
Van Der Helm et al. (1992) and Veeger et al. (1997, 1991). The
spine model was actuated by 188 muscle elements, modeled
with non-linear disc stiffness in the lumbar region, and with
ligaments and an intra-abdominal pressure applied similar to
Han et al. (2012). All segments were modeled as rigid-bodies,
and the spine model consisted of seven rigid segments
describing the cervical, thorax, and lumbar vertebras as well
as the sacrum (de Zee et al., 2007; Hansen et al., 2006). The
model followed a spine rhythm that distributes the trunk
motion over the vertebral bodies using a coupled-mechanism
(Hansen et al., 2006; Wong et al., 2006).

2.5 Model scaling

For each subject, a musculoskeletal model was created
using a single symmetric lifting trial based on the OMC data.
The anthropometry of the OMC models were scaled based on
the position of the reflective markers according to Andersen et
al. (2009; 2010). Data obtained using IMC were imported into
AMS together with the BVH_Xsens musculoskeletal model.
The BVH_Xsens model automatically scaled the segment
lengths according to the joint-to-joint distances of the stick
figure contained in the .bvh files. Additional nodes were
added to the musculoskeletal model to unscaled segments
(pelvis, foot, and trunk) equivalent to points on the stick
figure.
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Fig. 2: Flowchart of the process for developing the three models: 1) IMC-PGRF, 2) OMC-PGRF, and 3) OMC-MGRF.

The ratio between the unscaled segments and the distance
between the added nodes were multiplied onto the segment
lengths on the stick figure before applying it to the BVH_Xsens
model. Virtual markers were introduced on both the stick
figure and the musculoskeletal model to perform marker
tracking between the two models. A nonlinear least-square
optimization problem which minimize the least-square
difference of the virtual markers between the two models, was
applied to ensure optimally tracking (Andersen et al., 2009).
Further details can be found in Skals et al. (2017b) and
Karatsidis et al. (2018). Lastly, the anthropometry of the IMC
models were scaled according to constructed virtual markers
(Andersen et al., 2010, 2009), and the body mass was linearly
distributed to the segments according to the regression

equations of Winter (2009). The development of the three
musculoskeletal models is illustrated in Fig. 2. The reflective
and inertial marker trajectories and force measurements were
digitally filtered using a second order Butterworth filter with
a cut-off frequency set to 6 Hz for marker trajectories and 15
Hz for force measurements.

2.6 Muscle recruitment

Muscle recruitment was solved by formulating an
optimization problem that distributes the muscle forces
according to an optimality criterion, where the goal is to
minimize the largest relative load of any muscle in the
musculoskeletal system (Damsgaard et al., 2006; Rasmussen
etal., 2001):
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n@) 3
minimize £00
G(F) = Z i (1a)
f L\ N
subjectto Cf=d (1b)
0<f™i=1,..,n0 (10)

where G is the third order polynomial objective cost

function, fi(M) the muscle force of the ith muscle, n™ the
number of muscles, and N; the strength of the muscle. C is the
coefficient matrix for the dynamic equilibrium equations, f is
all the unknown muscle and joint reaction forces, and d
contains all the external and inertial forces. Furthermore, the
non-negativity constraint dictates that the muscles can only
pull. Muscles were modeled as simple muscles without
contraction dynamics, and their strength depended only on
the physiological cross-sectional area. The strength of each
muscle was determined from a mass-fat scaling law
(Frankenfield et al., 2001; Rasmussen et al., 2005).

2.7 Prediction of ground reaction forces and moments

GRF&Ms were predicted for IMC-PGRF and OMC-PGRF
models. The method was similar to that of previous studies
(Fluit et al., 2014; Karatsidis et al., 2018; Peng et al., 2017; Skals
et al., 2017a, 2017b). 25 dynamic contact elements were
attached under each foot. The contact elements consisted of
five uniaxial force actuators that can generate positive vertical,
anteroposterior, and mediolateral static friction forces that
balance the equilibrium equations in (1b). Furthermore, a non-
linear strength function similar to Skals et al. (2017a) was
implemented, to accommodate to the fact that contact
elements only would generate forces when the elements were
close to the ground and stationary. The strength function
ensured that the generation of forces only would be activated
when the contact points were almost without motion and
overlapped with a user-defined artificial ground plane. In
order to prevent discontinuities in predicted GRF&Ms due to
sudden transitions of contact points from inactive to fully
active, a smoothing function were implemented to build up
the strength of the actuators gradually until threshold values
were reached (Skals et al., 2017a). Lastly, to improve numerical
stability, small residual forces were attached to the pelvis with
a strength of 10 N and 10 Nm.

2.8 Data analysis

The following variables were extracted from the IDA for all
musculoskeletal models: 1) JRFs at the L4-L5 discs including
axial compression forces, mediolateral shear forces, and
anteroposterior shear forces, 2) GRFs for the right foot,
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including vertical GRFs, mediolateral GRFs, and
anteroposterior GRFs, and 3) GRMs for the right foot,
including transverse GRMs, sagittal GRMs, and frontal GRMs
which were recalculated in the ankle joint coordinate system.
Forces were normalized to percentage body weight (%BW)
and moments were normalized to percentage body weight
multiplied with body height (%BW-BH) (Moisio et al., 2003).
Trials were averaged within each participant for each lifting
and transferring task. Individual data series were time-
normalized to 200 data points, representing the cycle where
the load has no contact with the ground floor (100%).

To assess the agreement between OMC-MGRF, OMC-
PGREF, and IMC-PGREF, several comparisons were performed.
The absolute and relative agreement for all times series curves
were performed using root mean square error (RMSE) and
relative root mean square error (rRMSE), similar to Ren et al.
(2008). Furthermore, the phase and magnitude percentage
error were calculated to estimate the difference in phase and
magnitude between the curves (Schwer, 2007; Sprague and
Geers, 2003). The Pearson’s correlation coefficient, p, was also
calculated and categorized as weak, moderate, strong and
excellent for p<0.35, 0.355p<0.67, 0.67< p<0.9, 09< p,
respectively (Taylor, 1990).

3. Results

Tables 1-6 list the results for the GRFs (Table 1-2), GRMs
(Table 3-4), and L4-L5 JRFs (Table 5-6) of each of the three
models, specifically IMC-PGRF model versus the OMC-
MGRF model (Table 1,3,5) and the OMC-PGRF model versus
the OMC-MGRF model (Table 2,4,6). Similarly, Fig. 3-5
illustrates time-series curves of the three model estimates of
GREFs for the right foot (Fig. 3), GRMs for the right foot (Fig.
4), and L4-L5 JRFs (Fig. 5) across all lifting and transferring
cycles performed by the 13 subjects.

Overall, the comparison of IMC-PGRF versus OMC-MGRF
models showed lower accuracy in the prediction of GRFs,
GRMs, and JRFs for all lifting and transferring tasks in all
directions compared to the OMC-PGRF versus OMC-MGRF
model. However, strong to excellent Pearson’s correlation
coefficients were found for vertical GRFs, axial compression
forces, and anteroposterior shear forces when comparing the
IMC-PGREF versus OMC-PGRF models, whereas mediolateral
GRFs showed weak correlations. Phase and magnitude
differences were generally small for axial and anteroposterior
JRFs, and for vertical GRFs between IMC-PGRF versus OMC-
MGRF and OMC-PGRF versus OMC-MGRF models. Also,
when comparing these models, GRMs showed generally large
discrepancies in all directions.

Page 5 of 15



3.1 Estimated ground reaction forces

Vertical GRFs showed strong to excellent correlations (see
Table 1) between IMC-PGRF versus OMC-MGREF for all lifting
and transferring tasks (p ranging from 0.70 to 0.97), whereas
OMC-PGRF versus OMC-MGREF (see Table 2) showed higher
correlations, specifically for LIFTUP-5/10 and SYM-5/10, and
equally or slightly higher correlations for other tasks (p
ranging from 0.86 to 0.98). In addition, vertical GRF RMSE
values were considerably higher for LIFTUP-10 (RMSE IMC-
PGREF: 14.78 % versus OMC-PGRF: 2.44 %) and SYM-10
(RMSE IMC-PGREF: 16.51 % versus OMC-PGRF: 516 %).
Likewise, rRMSE values showed similar tendency for
LIFTUP-10 (rRMSE IMC-PGREF: 35.64 % versus OMC-PGRF:
7.09 %) and SYM-10 (RMSE IMC-PGREF: 40.26 % versus OMC-
PGRF: 17.61 %). Magnitude differences were specifically large
for IMC-PGRF during tasks involving lifting or transferring of
the 10 kg box (M ranging from IMC-PGREF: 12.77 to 25.86 %
versus OMC-PGREF: -0.05 to 4.08 %), whereas same tasks with
5 kg showed lower difference (M ranging from IMC-PGRF: -
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3.83 to 1.03 % versus OMC-PGRF: -0.21 to 2.52 %). Vertical
GRF phase differences were small between the two conditions
(P ranging from IMC-PGREF: 2.27 to 4.87 % versus OMC-PGREF:
1.08 to 4.33 %). Mediolateral and anteroposterior GRFs
generally showed fewer similarities between IMC-PGRF and
OMC-MGREF. IMC-PGREF correlations varied between weak to
moderate for all tasks except TRA-10 showing strong
correlation in both directions, although on the verge to be
considered moderate (p ranging from 0.11 to 0.68). However,
also OMC-PGRF versus OMC-MGRF displayed similar
tendency of low similarity as IMC-PGRF, although with
stronger correlations (p ranging from 0.18 to 0.82). RMSE
(ranging from IMC-PGRF: 1.40 to 17.61 % versus OMC-PGREF:
1.05t0 5.70 %) and rRMSE (IMC-PGRF: 17.69 to 90.28 % versus
OMC-PGREF: 17.27 to 69.48 %), and phase (IMC-PGRF: 17.83 to
27.02 % versus OMC-PGREF: 19.68 to 23.52 %) demonstrated
that both models
mediolateral and anteroposterior GRF estimation, compared
to OMC-MGREF.

performed with low accuracy in

Table 1: IMC-PGRF-based GRFs versus OMC-MGREF for the eight lifting scenarios. p = Pearson’s correlation coefficient, RMSE = root mean square error (%BW), rRMSE
= relative root mean square error (%), M = curve magnitude difference (%), and P = phase difference (%). Results are for vertical GRF, mediolateral GRF, and

anteroposterior GRF. All results are presented as mean (+ SD).

Activity ~ Vertical GRF Mediolateral GRF Anteroposterior GRF
p RMSE _ rRMSE M P p RMSE  rRMSE M P P RMSE rRMSE M P
LIFTUP-5 0.87 6.83 21.12 -3.83 2.55 0.26 1.84 30.24 67.92 27.02 0.11 6.15 90.28 -26.67 21.39
(382  (11.12) (9.14) (1.48) (0.85) (13.48) (65.58) (4.25) (3.10)  (50.26)  (45.91) (5.28)
LIFTUP-10 0.89 14.78 35.64 2252 2.27 0.37 291 26.46 155.79 24.16 0.20 6.13 85.59 -33.73 22.83
(7.82)  (16.69)  (11.11) (0.83) (1.90) (6.26) (160.2) (4.38) (2.84)  (37.75)  (39.84) (3.80)
TRA-5 0.97 10.66 11.66 1.03 3.87 0.53 2.26 24.83 68.23 22.98 0.40 5.23 7717 -25.70 19.53
(2.73) (2.62) (8.73) (0.85) (2.19) (8.36) (73.8) (6.26) (3.44)  (3559)  (62.48) (6.46)
TRA-10 0.96 17.61 16.40 14.25 4.87 0.67 272 17.69 119.67 2240 0.68 517 43.25 -14.95 23.42
(5.40) (4.67) (5.35) (1.43) (212 (3.24) (108.2) (5.03) (3.36)  (13.96)  (45.39) (6.44)
SYM-5 0.82 6.10 18.58 -1.79 2.53 0.58 1.40 23.82 -12.06 22.00 0.56 4.46 59.81 -28.22 17.83
(3.08) (7.36) (8.15) (1.00) (0.60) (4.48) (21.02) (2.97) (2.87)  (35.56)  (30.82) (8.34)
SYM-10 0.70 16.51 40.26 25.86 321 0.47 2.63 21.65 69.27 24.14 0.50 4.83 55.78 -24.45 19.54
(8.87)  (1829)  (16.63) (1.49) (1.10) (6.28) (54.11) (3.21) (2.98)  (30.71)  (33.21) (7.11)
ASYM-5 0.96 7.90 10.39 -1.43 2.61 0.31 2.10 25.85 58.57 26.04 0.29 453 50.38 -25.14 21.07
(2.11) (2.24) (5.94) (0.87) (0.94) (7.49) (42.51) (3.67) (2.82)  (21.84)  (34.99) (5.97)
ASYM-10 0.94 14.97 19.80 12.77 3.59 0.54 242 20.73 87.11 19.82 0.20 5.37 61.00 -35.07 23.06
(5.25) (6.63) (411 (0.53) (0.90) (7.14) (24.08) (2.91) (2.52)  (15.87)  (31.15) (2.27)

Table 2: OMC-PGRF-based GRFs versus OMC-MGREF for the eight lifting scenarios. p = Pearson’s correlation coefficient, RMSE = root mean square error (%BW),
rRMSE = relative root mean square error (%), M = curve magnitude difference (%), and P = phase difference (%). Results are for vertical GRF, mediolateral GRF, and

anteroposterior GRF. All results are presented as mean (+ SD).

Activity Vertical GRF Mediolateral GRF Anteroposterior GRF
P RMSE  rRMSE M P P RMSE  rRMSE M P P RMSE  rRMSE M P
LIFTUP-5 0.98 218 6.91 -0.21 1.08 0.68 1.05 23.03 5.26 22.69 0.45 5.03 63.10 -16.10 20.63
0.71) (2.04) (1.58) 0.27) (0.46) (7.56) (25.42) (4.99) (218)  (41.88)  (54.64) (7.31)
LIFTUP-10 0.98 244 7.09 -0.05 1.14 0.66 133 24.88 14.20 23.52 0.36 5.75 69.48 -16.30 22.20
(0.90) (2.58) (2.09 (0.26) (0.48) (9.00) (26.95) (5.32) (225)  (49.51)  (47.55) (5.67)
TRA-5 0.98 8.24 9.07 0.87 3.38 0.81 129 25.31 5.44 22.19 0.82 3.68 61.97 -54.94 20.74
(2.29) (1.82) (4.08) (0.74) (0.60) (10.57) (31.54) (5.67) (1.61)  (2246)  (16.64) (5.75)
TRA-10 0.96 12.06 10.71 4.08 433 0.80 132 17.27 19.10 19.68 0.82 3.91 50.84 -46.63 23.14
(5.08) (2.45) (4.49) (0.89) (0.38) (3.95) (20.19) (3.48) (1.51)  (14.60)  (10.34) (5.99)
SYM-5 0.89 3.58 12.87 252 1.74 0.73 1.36 19.06 8.95 20.28 0.61 411 49.75 -35.79 20.31
(1.21) (6.18) (1.42) (0.39) (0.41) (6.95) (29.85) (5.40) (1.83)  (26.52)  (17.89) (6.77)
SYM-10 0.86 5.16 17.61 3.27 241 0.67 1.69 19.67 21.20 20.91 0.59 5.18 49.19 -19.86 22.39
(1.95) (8.45) (2.34) (0.60) (0.48) (5.06) (35.48) (3.55) (227)  (24.71)  (29.34) (8.09)
ASYM-5 0.97 6.06 8.22 119 2.33 0.59 142 23.37 11.63 23.50 0.39 4.54 61.63 -31.80 22.30
(2.51) (2.88) (2.01) (0.89) (0.70) (6.12) (55.28) (4.30) (213)  (41.27)  (32.27) (4.73)
ASYM-10 0.94 9.18 10.95 3.53 3.14 0.72 127 18.74 -1.68 21.02 0.18 5.70 60.10 -24.48 22.98
(3.57) (3.04) (1.97) (0.78) (0.41) (4.53) (13.87) (3.47) (215)  (22.14)  (36.25) (5.62)
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Fig. 3: GRF estimates for the right foot (SD around mean) of the IMC-PGRF (red-shaded area around red line), OMC-PGRF (blue-shaded area around
blue line), and OMC-MGREF (black-shaded area around black line) models, illustrating the vertical GRF, mediolateral GRF, and anteroposterior GRF
from (a) LIFTUP-5, LIFTUP-10, TRA-5, TRA-10, and (b) SYM-5, SYM-10, ASYM-5, and ASYM-10.
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3.2 Estimated ground reaction moments

GRMs showed generally large discrepancies when
comparing IMC-PGRF versus OMC-MGREF (see Table 3). The
symmetrical lifting tasks LIFTUP-5/10 and SYM-5/10 all had
weak correlations for transverse GRMs (p ranging from -0.12
to -0.05 %), whereas ASYM-5/10 showed moderate
correlations (p: 0.27 and 0.46). TRA-5/10 tasks displayed a
correlation of in transverse (p: 0.70 and 0.79) and in sagittal (p:
0.85 and 0.84) GRMs. Similar results were observed for OMC-
PGRF versus OMC-MGRF (see Table 4), showing strong
correlations for transfer tasks and asymmetric lifting tasks and
weak to moderate correlations for the symmetrical lifting
tasks. Frontal GRMs seemed to correlate with higher accuracy
for both models versus OMC-MGRF (p ranging from IMC-
PGRE: 0.48 to 0.80 versus OMC-PGRF: 0.53 to 0.90). Transverse
GRM rRMSE values tended to be lower for IMC-PGRF than
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for OMC-PGRF (rRMSE ranging from IMC-PGRF: 26.02 to
67.75 % versus OMC-PGREF: 48.86 to 87.04 %), whereas both
sagittal and frontal GRMs showed higher rRMSE values for
IMC-PGRF. However, both models seem to exhibit large
discrepancies to OMC-MGRF for all tasks in all directions
(rRMSE minimum value for IMC-PGREF: 21.83 % and OMC-
PGRF: 1621 %). Also,
variabilities were observed in all directions, displaying that
both IMC-PGRF and OMC-PGRF models were over- and
underestimating GRMs. In addition, phase differences were

large inter-subject magnitude

consistent in all directions, specifically for transverse GRMs (P
ranging from IMC-PGREF: 13.88 to 25.89 % and OMC-PGREF:
20.35 to 26.67 %), although not as prominent as magnitude
differences.

Table 3: IMC-PGRF-based GRMs versus OMC-MGREF for the eight lifting scenarios. p = Pearson’s correlation coefficient, RMSE = root mean square error (%BW),
rRMSE = relative root mean square error (%), M = curve magnitude difference (%), and P = phase difference (%). Results are for transverse GRM, sagittal GRM, and

frontal GRM. All results are presented as mean (+ SD).

Activity ~ Transverse GRM Sagittal GRM Frontal GRM
p RMSE _ rRMSE M P p RMSE  rRMSE M P P RMSE rRMSE M P
LIFTUP-5 -0.05 0.01 67.75 43.30 24.47 0.38 0.01 53.41 8.92 11.25 0.76 0.01 41.83 -19.52 10.23
(0.004)  (19.80)  (91.15) 9.02) (0.003) (26.74)  (100.81) (4.00) 0.01)  (2842)  (39.50) (4.39)
LIFTUP-10 -0.11 0.01 53.85 19.81 25.05 0.67 0.01 37.67 73.84 8.10 0.80 0.01 29.61 -17.92 8.82
(0.004)  (16.34)  (60.56) (6.44) (0.01) (18.22) (76.81) (3.80) 0.01)  (19.02)  (27.08) (3.78)
TRA-5 0.70 0.01 56.07 -32.99 13.88 0.85 0.01 37.73 58.79 11.68 0.71 0.01 40.30 -8.79 10.90
(0.005)  (45.84)  (30.33) (7.12) (0.01) (30.53) (91.99) (7.06) (0.005)  (41.99)  (26.17) (2.36)
TRA-10 0.79 0.01 26.02 51.65 14.72 0.84 0.02 38.36 133.09 10.38 0.57 0.02 34.84 1212 13.65
(0.004)  (27.27)  (51.62) (4.15) (0.01) (12.10) (100.1) (6.03) 0.01)  (11.76)  (27.20) (2.60)
SYM-5 -0.09 0.01 45.28 13.14 25.89 0.53 0.01 39.03 39.60 11.86 0.73 0.01 21.83 -0.01 1222
(0.008)  (183.52)  (37.96) (5.65) (0.004) (14.20) (59.5) (4.48) (0.003) (7.03)  (25.03) (3.47)
SYM-10 -0.12 0.01 40.08 7.61 23.57 0.55 0.01 47.26 110.07 9.77 0.48 0.02 29.71 29.72 13.22
0.008)  (17.73)  (34.69) (4.46) (0.01) (18.81) (126.1) (2.52) 0.01)  (10.68)  (37.61) (5.16)
ASYM-5 0.27 0.01 33.94 30.18 21.84 0.81 0.01 23.73 52.08 11.22 0.77 0.02 27.26 -21.03 11.81
(0.008) (7.39)  (50.15) (7.23) (0.01) (6.85) (66.87) (2.33) (0.01) (9.90)  (16.66) (2.82)
ASYM-10 0.46 0.01 27.72 54.55 19.01 0.80 0.02 31.79 101.81 9.94 0.68 0.02 23.13 6.18 11.14
(0.003)  (11.65)  (47.00) (4.52) (0.01) (8.31) (72.23) (2.51) (0.01) (5.69)  (17.24) (1.83)

Table 4: OMC-PGRF-based GRMs versus OMC-MGREF for the eight lifting scenarios. p = Pearson’s correlation coefficient, RMSE = root mean square error (%BW),
rRMSE = relative root mean square error (%), M = curve magnitude difference (%), and P = phase difference (%). Results are for transverse GRM, sagittal GRM, and

frontal GRM. All results are presented as mean (+ SD).

Activity Transverse GRM Sagittal GRM Frontal GRM
P RMSE  rRMSE M P P RMSE rRMSE M P P RMSE  rRMSE M P
LIFTUP-5 -0.11 0.01 76.65 58.01 24.18 0.29 0.004 43.00 6.23 11.03 0.90 0.004 16.47 -4.42 5.34
(0.005) (26.36)  (90.13) (7.06) (0.002) (19.40) (22.22) (6.49) (0.002) (5.03) (9.36) (1.77)
LIFTUP-10 -0.07 0.01 78.28 46.27 23.65 0.32 0.004 37.28 17.84 9.90 0.89 0.01 16.59 -4.57 5.06
(0.01) (18.71)  (65.11) (5.67) (0.001) (15.90) (25.26) (5.62) (0.001) (6.36) (9.85) (1.18)
TRA-5 0.90 0.01 87.04 -65.00 26.30 0.89 0.01 21.03 42.05 7.56 0.75 0.01 26.13 -2.06 10.28
(0.002) (40.33) 9.82) (6.12) (0.003) (6.27) (27.42) (2.79) (0.003) (5.07)  (18.06) (2.67)
TRA-10 0.89 0.01 54.57 -55.12 20.35 0.85 0.01 25.82 62.72 9.68 0.70 0.02 22.31 12.94 12.44
(0.002) (19.05)  (14.13) (5.99) (0.004) (6.25) (36.68) (1.88) (0.01) (3.23)  (15.94) (1.58)
SYM-5 -0.15 0.01 60.62 -3.23 24.73 0.69 0.004 26.48 25.90 9.11 0.76 0.01 17.89 8.14 10.02
(0.004) (20.53)  (29.63) (4.19) (0.002) (11.38) (22.37) (2.59) (0.003) (4.21) (9.58) (1.94)
SYM-10 -0.03 0.01 58.04 14.49 25.84 0.47 0.01 30.84 25.86 10.10 0.53 0.01 24.21 11.80 11.12
(0.005) (15.19)  (43.60) (3.29) (0.002) (7.72) (19.74) (3.46) (0.004) (5.89) (6.60) (1.72)
ASYM-5 0.27 0.01 49.28 8.66 26.67 0.84 0.01 18.89 27.66 9.78 0.79 0.01 16.21 -1.39 8.42
(0.004) (14.04)  (32.25) (6.80) (0.004) (3.01) (19.06) (3.31) (0.004) (2.84) (7.09) (2.58)
ASYM-10 0.25 0.01 48.86 15.18 25.28 0.81 0.01 24.85 44.33 10.48 0.73 0.02 19.71 12.41 9.73
(0.004) (7.94)  (33.59) (5.78) (0.004) (4.05) (18.88) (2.02) (0.01) (4.34) (6.24) (1.58)

Page 8 of 15



Sagittal Transverse

Frontal

Sagittal Transverse

Frontal

"4 b ¢ ¢} ¢

LIFTUP-5

LIFTUP-10

TRA-5

—
jant
m
zz
oM
X .
&
0.02 0.02 0.02 0.02
0 20 40 60 80 100 20 40 60 80 100 0 20 40 60 8 100 0 20 40 60 80 100
—
T
-
Z 5
Om™
S
0.1 0.1 0.1 0.1
—
E 0.08 0.08 0.08 0.08
7
E *B 0.06 0.06 0.06 - : 0.06 2 %
O m 004 0.04 0.04 R 00a} /) A
X 002 0.02 0.02 TGS 0.02 oy
0 0 0F—= 0f~_
0.02 0.02 0.02 0.02
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 s 100 20 40 60 80 100
Cycle [%] Cycle [%] Cycle [%] Cycle [%]
(b) SYM-5 SYM-10 ASYM-5 ASYM-10
<A X
| 11D R E i g I
d1 <1
0.02 0.02 0.02 0.02
=)
Mmoo 0.01 0.01 0.01
S — 5 . = AT AN
om0 > O 7oz S 0 0 ), Y c
o\o A N\
)
— om 0.01 0.01 20.01
0.02 0.02 -0.02 -0.02
0 20 40 60 80 100 20 40 60 80 100 20 4 60 80 100 0 20 40 60 80 100
0
R
E 2 04
) E-O 06
X -0.08
=
0.1
0.12
0.12
0.1 0.1 \
)
T 008 0.08 7 ¥
!
E g 0.06 0.06 ZTIN AN
g LY
S & A AN WINes L), N\
52 0.02[ 3 0.02( T N
= AN S 2 <
0 S 0
0.02 0.02 0.02 0.02
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 s 100 0 20 40 60 80 100

I OMC-PGRF

Cycle [%]

I OMC-MGRF

Cycle [%]

«

AALBORG UNIVERSITY
DENMARK

Fig. 4: GRM estimates for the right foot (SD around mean) of the IMC-PGREF (red-shaded area around red line), OMC-PGRF (blue-shaded area around
blue line), and OMC-MGREF (black-shaded area around black line) models, illustrating the transverse GRM, sagittal GR6M, and frontal GRM from (a)
LIFTUP-5, LIFTUP-10, TRA-5, TRA-10, and (b) SYM-5, SYM-10, ASYM-5, and ASYM-10.
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3.3 Estimated joint reaction forces

Overall, strong to excellent correlations were observed in
axial compression forces and anteroposterior shear forces
between IMC-PGRF and OMC-MGRF (see Table 5) for all
lifting tasks (p ranging from 0.77 to 0.99). However, higher
correlations were found between OMC-PGRF and OMC-
MGRF (see Table 6) in both axial and anteroposterior
directions (p 0.99). Mediolateral shear forces were found to
have weak to moderate correlations (p ranging from 0.05 to
0.47) between IMC-PGRF and OMC-MGRF opposed to OMC-
PGRF which had excellent correlations to OMC-MGRF (p
0.99). Also, RMSE values were noticeably higher in axial
compression forces for IMC-PGRF (RMSE ranging from IMC-
PGREF: 47.31 to 87.13 % versus OMC-PGREF: 0.37 to 14.86 %).
Similar tendency in RMSE values were observed for
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mediolateral and anteroposterior shear forces, and in rRMSE
values for all directions (rRMSE ranging from IMC-PGREF:
1526 to 7543 % versus OMC-PGRF: 0.15 to 6.41 %).
Magnitude differences were specifically large for IMC-PGRF
in mediolateral shear forces during tasks involving lifting or
transferring of the 10 kg box (M ranging from IMC-PGRF:
43.29 to 148.61 % versus OMC-PGRF: -6.34 to 0.98 %). In
general, all directions exhibited large inter-subject magnitude
variability for IMC-PGRF. IMC-PGRF phase differences
values, however, performed with high accuracy in axial
compression forces and anteroposterior shear forces (P
ranging from IMC-PGRF: 1.36 to 5.00 % versus OMC-PGRF
0.03 to 0.79 %), whereas mediolateral shear forces showed
larger phase lag for IMC-PGRF (P ranging from IMC-PGRF:
18.01 to 23.04 % versus OMC-PGRF 0.37 to 02.05 %).

Table 5: IMC-PGRF-based JRFs versus OMC-MGREF for the eight lifting scenarios. p = Pearson’s correlation coefficient, RMSE = root mean square error (%BW), rRMSE
= relative root mean square error (%), M = curve magnitude difference (%), and P = phase difference (%). Results are for axial compression force, mediolateral shear

force, and anteroposterior shear force. All results are presented as mean (+ SD).

Activity Axial compression force Mediolateral shear force Anteroposterior shear force
p RMSE rRMSE M P p RMSE rRMSE M P P RMSE  rRMSE M P
LIFTUP-5 0.99 53.41 24.95 8.73 3.27 0.26 1.85 75.43 2.60 23.04 0.99 12.65 32.03 -29.88 3.76
(45.42) (18.11)  (15.80) (1.81) (0.80) (47.73) (48.50) (7.29) (6.00)  (16.89)  (11.71) (2.23)
LIFTUP-10 0.98 59.80 17.90 9.34 2.73 0.25 3.03 53.17 123.01 20.65 0.97 12.75 23.47 -22.48 3.99
(52.30) (6.82)  (16.09) (1.02) (1.68) (35.07) (120.1) (6.13) (6.00)  (12.43)  (12.73) (1.56)
TRA-5 0.86 47.76 72.43 13.38 1.36 0.21 2.98 37.44 34.38 22.37 0.91 7.04 46.02 8.61 2.69
(41.78) (41.75)  (18.90) (0.55) (1.15) (10.49) (61.70) (5.43) (4.57)  (29.13)  (31.55) (0.95)
TRA-10 0.77 87.13 56.43 26.29 2.16 0.21 5.79 38.26 147.33 19.53 0.78 11.73 33.13 24.46 3.22
(59.36) (32.06)  (17.00) 0.71) (1.84) (15.51) (145.6) (7.63) (712)  (17.86)  (20.87) (0.81)
SYM-5 0.93 58.55 28.15 13.80 2.62 0.34 171 61.25 175 22.64 0.91 12,52 31.85 -25.66 4.28
(40.85) (13.80)  (14.61) (1.12) (0.75) (54.95) (55.36) (4.97) (741)  (21.76)  (11.20) (2.82)
SYM-10 0.91 71.66 23.62 14.38 244 0.05 3.68 72.90 43.29 21.91 0.82 11.45 21.11 -9.70 5.00
(49.72) (6.00)  (14.39) (0.68) (1.01) (41.44) (94.05) (5.58) (5.18) 9.82) (12.77) (1.66)
ASYM-5 0.99 47.31 19.69 10.24 1.88 0.47 2.89 39.41 16.62 18.01 0.98 9.58 20.68 -19.46 2.75
(43.42) (1251)  (15.62) (0.58) (1.28) (13.49) (59.66) (6.33) (6.33)  (11.00) (9.61) (0.84)
ASYM-10 0.91 78.31 26.43 18.21 2.90 0.34 6.39 45.49 148.61 19.13 0.89 9.50 15.26 -5.09 4.50
(44.13) (7.39)  (10.28) (0.55) (2.28) (16.43) (148.7) (6.21) (5.23) (3.79) (9.79) (1.16)

Table 6: OMC-PGRF-based JRFs versus OMC-MGREF for the eight lifting scenarios. p = Pearson’s correlation coefficient, RMSE = root mean square error (%BW), rRMSE
= relative root mean square error (%), M = curve magnitude difference (%), and P = phase difference (%). Results are for axial compression force, mediolateral shear

force, and anteroposterior shear force. All results are presented as mean (+ SD).

Activity Axial compression force Mediolateral shear force Anteroposterior shear force
P RMSE  rRMSE M P P RMSE  rRMSE M P P RMSE  rRMSE M P
LIFTUP-5 0.99 0.37 0.15 -0.09 0.03 0.99 0.02 0.85 0.98 0.57 0.99 0.09 0.17 -0.20 0.04
(0.10) (0.04) (0.05) (0.01) (0.02) (0.68) (1.19) (0.58) (0.08) (0.15) (0.14) (0.02)
LIFTUP-10 0.99 391 148 -1.22 0.19 0.99 0.05 1.81 -0.10 1.35 0.99 0.86 1.82 -2.02 0.39
(12.46) (4.80) (4.00) (0.61) (0.09) (3.30) (5.09) (2.78) (2.66) (5.90) (6.56) (1.27)
TRA-5 0.99 0.57 0.74 -0.20 0.03 0.99 0.03 0.51 -0.49 0.37 0.99 0.13 0.70 -0.35 0.06
(0.30) (0.34) (0.11) (0.02) (0.02) (0.31) (0.67) 0.27) (0.14) (0.57) (0.34) (0.03)
TRA-10 0.99 5.46 6.41 -1.75 0.18 0.99 0.08 1.55 -1.99 0.98 0.99 0.97 5.50 -2.36 0.24
(15.27) (19.10) (5.06) (0.45) (0.11) (2.63) (4.66) (1.59) (262)  (15.95) (6.65) (0.55)
SYM-5 0.99 0.88 0.41 -0.19 0.06 0.99 0.03 0.68 -0.04 0.69 0.99 0.14 0.29 -0.21 0.06
(0.60) (0.31) (0.07) (0.06) (0.02) (0.42) (0.70) (0.52) (0.10) 0.21) (0.12) (0.07)
SYM-10 0.99 5.33 252 -1.31 0.34 0.99 0.15 2.95 -4.16 1.79 0.99 0.92 247 -1.71 0.42
(12.25) (6.31) (3.50) 0.78) (0.20) (4.85) (8.62) (2.13) (2.69) (7.69) (5.37) (1.28)
ASYM-5 0.99 0.51 0.21 -0.15 0.03 0.99 0.04 0.51 -0.31 0.42 0.99 0.08 0.16 -0.17 0.03
(0.13) (0.08) (0.04) (0.01) (0.02) 0.24) (0.57) (0.30) (0.03) (0.07) (0.06) (0.01)
ASYM-10 0.99 14.86 5.35 -3.47 0.50 0.99 0.25 3.96 -6.34 2.05 0.99 3.04 5.84 -5.24 0.79
(27.12) (9.52) (6.20) (0.86) (0.40) (6.64) (12.98) (3.12) (5.68)  (10.71) (9.60) (1.44)
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4. Discussion

The accuracy of three IDA musculoskeletal models have
been investigated to estimate the internal spinal loading
during common MMH tasks. The experimental model with
OMC-MGRF was considered the golden standard because a
previous study (Bassani et al, 2017) has shown good
agreement with in vivo measured intradiscal L4-L5 spinal
pressure (Wilke et al., 2001). A novel IMC-PGRF model was
developed to compare predicted GRF&Ms and internal L4-L5
JRFs with the OMC-MGRF model. Estimated vertical GRF,
sagittal and frontal GRM, axial compression forces, and
anteroposterior shear forces agreed best for IMC-PGRF
compared with OMC-MGREF. Finally, we performed a similar
comparison to evaluate predicted GRF&Ms and JRFs with the
OMC-PGRF model. The differences are discussed in the
following.

Experimental measurements of GRF&Ms was collected
during all lifting trials allowing direct comparison similar to
other studies (Faber et al., 2016; Fluit et al., 2014; Karatsidis et
al., 2018; Peng et al., 2017; Skals et al., 2017a, 2017b). The
present study found best agreement for predicted vertical
GRFs for IMC-PGRF compared with OMC-MGREF considering
Pearson’s correlation coefficients, IRMSE and magnitude and
phase difference, whereas mediolateral and anteroposterior
agreed less. Particularly, transferring and asymmetrical tasks
showed excellent correlations in vertical GRFs similar to OMC-
PGRF versus OMC-MGREF. Although, increasing the box
weight from 5 to 10 kg increased the magnitude error, RMSE,
and rRMSE systematically for IMC-PGRF models (Table 1).
This may be considered an important factor if heavier weights
introduce greater errors (see worksheets 3.0 method).

For the symmetric lifting tasks, the vertical GRF magnitude
appeared to be more constant throughout the lifting cycle with
peaks in the beginning and end of the cycle (see Fig. 3). In
contrast, transferring and asymmetric tasks showed a more
varying magnitude across the time-series with peak vertical
GRFs around the mid-cycle. This difference was introduced by
only presenting GRFs for the right foot. Thus, a considerably
shift in center of pressure and force magnitude were
introduced for transferring and asymmetric lifting tasks
because they included movement out of the sagittal plane
whereas GRFs were evenly distributed between both feet
during symmetric lifting tasks. This demonstrate good
accuracy in the contact element actuation for both the IMC-
PGRF and OMC-PGRF models.

In the present study, novel movements were investigated
with IMC and GRF&Ms prediction, and to our knowledge only
Faber et al. (2016) estimated GRF for a trunk bending tasks
using IMC. Other studies primarily predicted GRF&Ms for
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activities of daily living including walking, running squatting,
stair walking, and loaded shoulder abduction using OMC or
other measuring systems such as Microsoft Kinect (Faber et al.,
2016; Fluit et al., 2014; Karatsidis et al., 2018; Peng et al., 2017;
Skals et al., 2017a, 2017b). Faber et al. (2016) showed similar
results to the present study with best agreement in vertical
GRFs. This agrees with the above-mentioned literature
generally showing most accurate estimation for vertical GRFs.
In addition, IMC-PGRF showed higher correlations and
slightly lower phase error in vertical GRFs for LIFTUP-5 (p: 0.87
and P: 2.55 %) as opposed to a deep squat movement estimated
with OMC-PGREF (p: 0.62 and P: 2.7 %) presented in Fluit et al.
(2014).

Importantly, considerable differences exist between vertical
GRFs for both IMC-PGRF and OMC-PGRF versus OMC-
MGREF at approximately 50 % of the lifting cycle for SYM-5/10,
ASYM-5/10, and TRA-5/10 conditions (see Fig. 3). This was
caused by the support of the tables in the period where the box
was in contact (see Fig. 1 Mid-cycle). Potentially, contact
elements could be attached to the box in AMS. However, this
would require modelling of the support surfaces in the model
environment and would be affected by IMC spatial drift
(Filippeschi et al., 2017). Therefore, this was neglected and
noted as a limitation. Another solution would be to attach force
transducers to the handles of the box (Dennis and Barrett,
2002).

The errors of GRMs for the IMC-PGRF model were
generally higher compared to other studies investigating other
movements (Fluit et al., 2014; Karatsidis et al., 2018; Peng et al.,
2017; Ren et al., 2008; Skals et al., 2017a, 2017b). Differences
between the results of these studies can partly be explained by
differences in movement complexity (Godwin et al., 2009),
influence of spatial drift of the IMC system (Filippeschi et al.,
2017), and the relatively low magnitude which increased the
influence of noise.

Magnitude error values showed large differences for both
IMC-PGRF and OMC-PGRF models for GRMs in all directions.
However, a distinct disadvantage to Sprague and Geers
magnitude algorithm is that positive and negative differences
may cancel each other out (Schwer, 2007). Standard deviations
(SDs) were excessively high for GRMs, and as illustrated in Fig.
4, SD curves of both IMC-PGRF, OMC-PGRF, and OMC-MGRF
is both negative and positive arranged for most lifting tasks.
This shows that the magnitude error algorithm has limitations
when SDs are excessively high. This observation also reveals
that the OMC-PGRF model suffer from errors of similar size as
IMC-PGRF when predicting moments. SDs were considerably
smaller in phase differences, displaying less influence of phase
difference between models.

Accurate estimation of JRFs between the vertebral bodies
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using the IMC-PGRF musculoskeletal model as an analysis tool
may revolutionize ergonomic analysis of MMH in the field.
Fig. 5 visually presents the JRF time-series curves for the
different lifting and transferring tasks. Axial compression force
and anteroposterior shear force for IMC-PGRF showed higher
correlations to OMC-MGREF (p ranging from 0.77 to 0.99) than
mediolateral shear force (Table 5). A similar tendency were
found by Karatsidis et al. (2018) showing higher correlations
for compression forces for the ankle, knee, and hip joint (p
ranging from 0.83 to 0.93). Also, minimal phase differences
were observed for the present study suggesting a minimal
difference in time-shift between IMC-PGRF and OMC-PGRF.
Magnitudes for IMC-PGRF were overestimated for axial
compression force and underestimated for anteroposterior
shear force. Specifically, during transferring and asymmetric
lifting, the magnitude errors were larger when the weight of
the box increased, similar to the errors found in vertical GRFs
(Table 1). Axial compression force error was noticeable smaller
for both magnitude and phase error for OMC-PGRF compared
with OMC-MGREF. Differences between IMC-PGRF and OMC-
PGRF may be caused by segment lengths, kinematics, and due
to different boundary conditions concerning the interaction
with the box (see worksheet 3.3.4 Modelling hand box
interaction). Similar to Koblauch et al. (2015), the peak axial
compression force was found when the subjects were carrying
the box at the longest distance from the body (see Fig. 5 and
Appendix 1 - L4-L5 in Koblauch et al. (2015)). Although the
geometry of the box, the participant characteristics, and the
specific movements differed between the present study and
Koblauch et al. (2015), it seems that the magnitude of JRFs was
reasonable with peak L4-L5 axial compression force of ~3450
N during squat lifting of a 10 kg suitcase in Koblauch et al.
(2015) and ~3850 N during symmetric lifting of a 10 kg box in
the present study measured with IMC-PGREF.

The present work was associated with several limitations.
Although the OMC-MGRF was assumed the gold standard it
is well-known that magnitudes of estimated spinal loadings
are less accurate during large lateral bending movements
(Bassani et al., 2017) and sensitive to model complexities such
as spine rhythm, intra-abdominal pressure, joint stiffness,
musculature, and ligaments (Arshad et al., 2016; Galibarov et
al,, 2011; Han et al., 2012). Therefore, also estimates of spinal
loading using the gold standard method has uncertainties.
Furthermore, measurements of human movements are prone
to STA with most research showing the largest influence of
STA on movement in the frontal and transverse planes
(Leardini et al., 2005). However, the present study investigated
movements at a slow pace minimizing large STA opposed to
e.g. running where large impacts are more prominent.
Furthermore, incorrect determination of anatomical joint
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coordinate systems significantly influences the segment
kinematics (Della Croce et al., 1999) from which predicted
GRF&Ms are found (Fluit et al., 2014). Also, OMC was scaled
according to attachment of reflective markers while IMC
models was scaled of manually measured segment
dimensions, which might have introduced differences in
segment lengths. The accuracy of box tracking may also be
improved with IMUs attached to the box, and with force
transducers in the handles similar to Dennis and Barrett (2002).
Moreover, a sensitivity analysis could have been performed on
the muscle recruitment criteria to investigate the influence on
L4-L5 load magnitude (Fluit et al., 2014). Lastly, a risk of not
fully extended joint angles during the calibration process,
might have influenced the estimated joint angles with IMC
(Cutti et al., 2010; Roetenberg et al., 2013).

Future studies should investigate the accuracy of estimated
L4-L5 loading in patient populations such as patients suffering
from chronic low back pain because they may not recruit their
muscles optimally (Bank et al., 2013; Rasmussen et al., 2001).
The method shows potential for measuring spinal loading
outside the laboratory. Future work should validate and adapt
the system to MMH work environments.

In summary, the accuracy of predicted GRF&Ms as well as
estimated [4-L5 JRFs were investigated using an inverse
dynamic musculoskeletal modelling approach based on IMC
data. The analysis showed that IMC-PGRF can be used to
estimate musculoskeletal loading during standard MMH task
such as symmetric, asymmetric, and transferring lifting tasks
with reasonable results compared with OMC-MGRF and
OMC-PGRF. Specifically, vertical GRFs, axial compression
forces, and anteroposterior shear forces showed high accuracy
for all lifting tasks. The inaccuracies associated with IMC-
PGRF have been investigated and can be used as
considerations in future studies. The method can be used in the
field to estimate musculoskeletal loading during simple MMH
tasks where the geometry and inertia of external loads can be
estimated and used as input to the model.
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Appendix 1

Optical motion capture Marker protocol Inertial motion capture
Head Anterior RHDA
Jugular Notch CLAV

STERN  Sternum (Breastbone)

UARM Upper arm Lateral
Xiphoid Process of the Sternum ~ STRN
Tliac Crest RICT
Anterior Superior Iliac Spine RASI
Thigh Lateral RTHL
ULEG Upper leg Lateral
LLEG Lower leg Medial
FOOT Foot Dorsum
First Metatarsal RTOM
Head Posterior LHDP HEAD Head Posterior
Seventh Cervical Vertebrae €7
Acromio-clavicular Joint LSHO SHOU R
Triceps brachii LUPA
Tenth Thoracic Vertebrae TI10
Elbow Lateral Epicondyle LELB
FARM Fore arm Lateral
Radial Styloid LWRL 3 Pelvis S
Posterior Superior Iliac Spine LPSI PELT e
Ulnar Styloid LWRM HAND Hand Dorsum
Second Metacarpal Head LFIL
Fifth Metacarpal Head LFIM
Knee Lateral Epicondyle LKNL
Shank Lateral LSHL
Fifth Metatarsal LTOL
Lateral Malleolus LANL
Calcaneus LHEE

Appendix 1: Motion capture protocol indicating the placement of the 42 retroreflective markers on the human body segments (left on the figure) and the 17 IMUs (right
on the figure). All retroreflective markers apart from T10, C7, STRN, and CLAV and all IMUs apart from PELV, STERN, and HEAD, are mirrored on left and right side.

Page 15 of 15



	,,𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒-𝑓.     𝐺,,𝑓-,𝑀...=,𝑖=1-,𝑛-,𝑀..-,,,,𝑓-𝑖-,𝑀..-,𝑁-𝑖...-3..#,1a.. ,𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜     𝑪𝒇=𝒅#,1b.. ,0≤,𝑓-𝑖-,𝑀.., 𝑖=1,…,,𝑛-,𝑀..#,1c..


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



