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A B S T R A C T

Lumbar joint compression forces have been linked to the development of chronic low back pain, which
is specially present in occupational environments. Offline methodologies for lumbosacral joint compression
force estimation are not commonly integrated in occupational or medical applications due to the highly
time-consuming and complex post-processing procedures. Hence, applications such as real-time adjustment
of assistive devices (i.e., back-support exoskeletons) for optimal modulation of compression forces remains
unfeasible. Here, we present a real-time electromyography (EMG)-driven musculoskeletal model, capable of
estimating accurate lumbosacral joint moments and plausible compression forces. Ten participants performed
box-lifting tasks (5 and 15 kg) with and without the Laevo Flex back-support exoskeleton using squat and
stoop lifting techniques. Lumbosacral kinematics and EMGs from abdominal and thoracolumbar muscles were
used to drive, in real-time, subject-specific EMG-driven models, and estimate lumbosacral joint moments
and compression forces. Real-time EMG-model derived moments showed high correlations (R2 = 0.76 -
0.83) and estimation errors below 30% with respect to reference inverse dynamic moments. Compared to
unassisted lifting conditions, exoskeleton liftings showed mean lumbosacral joint moments and compression
forces reductions of 11.9 - 18.7 Nm (6 - 12% of peak moment) and 300 - 450 N (5 - 10%), respectively. Our
modelling framework was capable of estimating in real-time, valid lumbosacral joint moments and compression
forces in line with in vivo experimental data, as well as detecting the biomechanical effects of a passive back-
support exoskeleton. Our presented technology may lead to a new class of bio-protective robots in which
personalized assistance profiles are provided based on subject-specific musculoskeletal variables.
1. Introduction

Approximately 85% of the population will experience low back pain
(LBP) at some point of their life (Freburger et al., 2009). Previous
research has linked the onset of LBP to cumulative compression forces
on the lumbar spine (Norman et al., 1998). Specifically, compression
forces are associated to injury of joint surfaces, bone and soft tissues.
Furthermore, compression forces contribute to reduction of interverte-
bral disc height and changes in apophyseal joint position, which may
lead to chronic pain (Brinckmann et al., 1987).

LBP is specially present in occupational environments where heavy
object handling and non-ergonomic postures are common (Ning et al.,
2014). Passive back-support exoskeletons have shown the potential to
reduce lumbar compression forces during heavy object lifting (Koop-
man et al., 2020a,b). Therefore, these exoskeletons have been intro-
duced in occupational scenarios with the goal of relieving the load on
the lower back of workers (Hensel and Keil, 2019; Settembre et al.,

∗ Corresponding author.
E-mail address: a.moyaesteban@utwente.nl (A. Moya-Esteban).

2020). Nonetheless, previous methodologies used to evaluate exoskele-
ton modulations on spinal compression forces relied on offline anal-
yses, which cannot provide real-time biofeedback of such property.
Hence, onsite personalization of exoskeletons to ensure optimal lumbar
protection remains unfeasible.

Lumbar compression forces have been previously estimated by mul-
tiplying intervertebral disc areas by readings of intradiscal pressure
sensors implanted in participants’ spines (Schultz et al., 1982; Nachem-
son and Morris, 1964). Alternatively, compression forces can be directly
measured by instrumented vertebral body replacements (Rohlmann
et al., 1999, 2013). Nonetheless, due to the invasiveness and complexity
of these methodologies as well as the scarcity of participants, non-
invasive computational musculoskeletal modelling approaches have
been regarded as a valuable alternative for spinal forces estimation
(Dreischarf et al., 2016).

Computational neuromusculoskeletal models representing spinal
anatomy and neuromechanics generally estimate trunk muscle forces,
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Nomenclature

EMD Electromechanical delay
EMG Electromyography
ID Inverse dynamics
IK Inverse kinematics
IL Iliocostalis
JRA Joint reaction analysis
LBP Low back pain
LFB Lifting full body
LTpL Longissimus thoracis pars lumborum
LTpT Longissimus thoracis pars thoracis
MTU Muscle tendon unit
RMSE Root mean squared error
RMSE𝐵𝑊 Root mean squared error normalized to

body weight
RMSE𝑅𝑀𝑆 Root mean squared error normalized to

root mean square of the reference moment

hich are subsequently utilized to calculate spinal forces based on
D geometrical models. Optimization-driven models estimate muscle
orces based on one or more cost functions which aim at satisfying
hysiological assumptions, such as minimization of muscular activa-
ion (Kim and Zhang, 2017; Bassani et al., 2017) or stress (Bazr-
ari et al., 2007). However, these methodologies neglect antagonistic
o-contraction (El Ouaaid et al., 2013), hence negatively impacting
stimation accuracy. Alternatively, electromyography (EMG)-driven
usculoskeletal modelling approaches use experimentally measured
uscle activity and, altogether with computational formulations of
uscle activation and contraction dynamics, allow for the estimation

f compression forces (Van Dieen and Kingma, 2005; Moya-Esteban
t al., 2022; Hughes et al., 1994). Nonetheless, previously validated
ffline models require complex post-processing analyses, hampering
heir translation to clinical and occupational applications.

Real-time methodologies offer the advantage of estimating biome-
hanical properties with no post-processing steps and the subsequent
ime-delay, therefore providing numerous applications including per-
onalized clinical (Pizzolato et al., 2017b) or ergonomic (Boocock
t al., 2019) biofeedback, as well as control of assistive devices such
s actuated exoskeletons (Durandau et al., 2022; Lu et al., 2017),
here the estimated variable can be used to determine the onset
nd magnitude of the assistance. Previous studies have proposed tools
or real-time lumbar compression forces estimation. However, these
ere static optimization-based approaches (Ventura et al., 2021; Samy
t al., 2019) or lacked a detailed representation of musculoskeletal
eometries or EMG-to-activation physiological processes (Peters et al.,
022; Fortini et al., 2020; Lorenzini et al., 2022), thus, hampering
stimation accuracy and ultimately, their applicability to real-world
cenarios.

Although previous authors have presented detailed and
hysiologically-correct real-time EMG-driven musculoskeletal models
or moment estimation of the knee (Durandau et al., 2017, 2022),
nkle (Manal et al., 2012), elbow (Lotti et al., 2020), wrist (Sartori
t al., 2018) and contact forces at the knee (Pizzolato et al., 2017b),
o the best of our knowledge, this is the first study to provide and
alidate an EMG-driven musculoskeletal model of the trunk, capable
f estimating lumbosacral joint moments and compression forces in
eal-time. Additionally, for the first time, we employed our proposed
ethodology to evaluate in real-time the biomechanical effects of a
assive back-support exoskeleton on thoracolumbar muscle activity,
umbosacral joint moments and compression forces. This study consti-
utes the first step for the development of real-time and non-invasive
2

Fig. 1. Participant wearing the back-support Laevo Flex exoskeleton. The exoskeleton is
a passive device which transfers loads from the lower back to the chest and thighs. The
delivered assistance is provided by spring-like mechanisms acting around the trochanter
major (hip joint). Spring mechanisms store energy in the bending down phase of the
movement, which is (partially, as a result of hysteresis) returned to the user in the
lifting phase. The smaller the torso-thigh angle, the higher the moment produced by
the exoskeleton. The actuator strength was set to 70% (medium assistance) for all
participants and lifting conditions.

technologies capable of quantifying the bio-protective effect of assistive
devices. This is central for lumbar loading biofeedback and robotic
control technologies, which may have a significant impact in real-
world applications for preventing musculoskeletal disorders, including
clinical, rehabilitation, robotic, occupational and sports-related.

2. Methods

2.1. Subjects and apparatus

The experimental procedure was approved by the Natural Sciences
and Engineering Sciences Ethics committee of the University of Twente
(reference: 2022.175). Ten participants (4 female; age: 28 ± 3, height:
173 ± 7 cm, weight: 67 ± 9 kg) with no history of LBP participated in
the study after giving written informed consent.

Participants performed box-lifting tasks (Section 2.3) with and with-
out the Laevo Flex exoskeleton (Laevo, Rijswijk, The Netherlands, see
Fig. 1). The spring actuator strength of the exoskeleton was set to 70%
(medium strength), providing an average extension assistance moment
of 25 N m (peak moment: 41 N m) at hip joint level (van Harmelen
et al., 2022). A twelve-camera Qualisys system (Qualisys Medical AB,
Sweden) recorded and labelled in real-time the 3D trajectories of 33
reflective markers (32 on the participant and 1 on the upper edge of the
lifted box) at 15 Hz. Markers were placed on participants’ upper limbs,
trunk and pelvis as described in Moya-Esteban et al. (2020). Surface
EMGs from rectus abdominis (umbilicus level), iliocostalis (IL, 6 cm
lateral to L2), longissimus thoracis pars lumborum (LTpL, 3 cm lateral
to L1) and pars thoracis (LTpT, 4 cm lateral to T10) muscles were
recorded using Ottobock 13E400 electrodes (Ottobock SE&Co. KGaA,
Duderstadt, Germany) at 1000 Hz. Electrode placement was earlier
reported in Moya-Esteban et al. (2022).

The real-time software was executed on a Lenovo ThinkStation
P620 (AMD Ryzen Threadripper PRO 3975WX, 3.50 GHz, 32 cores, 64
threads, 128 GB of RAM, and Windows 10).
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Fig. 2. Schematic representation of real-time (RT) EMG-driven musculoskeletal modelling framework including: (1) motion capture (Qualisys) and EMG measuring systems, (2) two
plug-ins (RTOSIM and EMG) provide an interface between measuring devices and EMG-driven musculoskeletal model, as well as manage the data processing, (3) a multidimensional
cubic B-spline block which enables real-time performance by computing muscle–tendon unit (MTU)-specific lengths and three-dimensional moment arms using L5/S1 joint angles
as input (Sartori et al., 2012a) and (4) our previously validated EMG-driven musculoskeletal modelling framework, which includes a representation of MTU activation and force
generation dynamics (Moya-Esteban et al., 2022; Pizzolato et al., 2015). The components of the pipeline exclusively used for model calibration and validation are indicated with
dotted lines.
2.2. Real-time pipeline

Based on our previously developed real-time modelling pipeline (Du-
randau et al., 2017) and our validated EMG-driven musculoskele-
tal model for lumbosacral joint (L5/S1) compression force estima-
tion (Moya-Esteban et al., 2022), we developed a C++ framework
which takes EMGs and L5/S1 joint kinematics as input, and estimates
L5/S1 flexion-extension moments and compression forces in real-time.
The structure of this real-time modelling framework is depicted in
Fig. 2. In our framework, two plug-ins manage the connection between
measurement devices, OpenSim API (Delp et al., 2007) and EMG-driven
musculoskeletal model, as well as the data processing (Section 2.2.2).

2.2.1. Anatomical model
The OpenSim lifting full-body (LFB) model (Beaucage-Gauvreau

et al., 2019) was used to compute real-time L5/S1 joint moments via
inverse dynamics (ID) methodology. ID moments were used to calibrate
the EMG-driven model (see Section 2.2.3) as well as reference moments
for validation purposes. To achieve real-time performance, a series of
modifications were applied to the base LFB model (see Table 1). In the
original LFB model, kinematic coupler constraints prescribed the angle
of lumbar vertebrae as a function of L5/S1 joint angles. However, the
use of such constraints is discouraged for real-time applications due
to the increased inverse kinematics computation time, resulting from
the added complexity to the model (Sherman et al., 2011). Therefore,
we deactivated all kinematic coupler constrains present in the lifting
full-body model. Given that we used a top-bottom approach for the es-
timation of lumbo-sacral joint inverse dynamics moments, we removed
thighs, shanks and feet from the model, reducing the number of model
bodies and degrees of freedom. Due to the negligible wrist movement in
our experimental protocol, wrist joints were welded, thus, not allowing
any translation or rotation. As our main goal consists of the computa-
tion of L5/S1 flexion-extension joint moments and compression forces,
muscle–tendon units (MTU) with no mechanical effect around such
degree of freedom were eliminated.

2.2.2. Plug-ins
Qualisys software automatically identified and labelled 3D marker

trajectories, which were received by the real-time OpenSim, RTOSIM
plug-in Pizzolato et al. (2017a), via TCP/IP. OpenSim API used then
3

Table 1
Modifications applied to the lifting full-body model to achieve real-time performance.
Property LFB Adapted LFB

Number of bodies 29 17
Number of joints 29 17
Number of degrees of freedom 59 39
Number of muscle tendon units 238 166
Linear coupler constraints Present Not present

Weld joints Sacrum joint Sacrum, left and right
wrist joints

marker trajectories to perform inverse kinematics (IK) and ID, using
the adapted LFB model (scaled to participants’ anthropometry). To
achieve real-time performance, a multi-threading approach enabled the
parallelization of six simultaneous IK optimizations (Pizzolato et al.,
2017a). To calculate reference ID moments (used for EMG-model cal-
ibration and validation), we estimated the forces originating from the
known weight of the lifted boxes. The Y-position of the marker placed
on the box was compared to its resting Y-position (threshold) when
the box was not being lifted. Whenever the box marker exceeded the
threshold, two forces were applied to the anatomical model hands. We
assumed the weight to be equally distributed across both hands and
neglected inertial forces and moments. Hand forces were applied at
the 2nd knuckle marker position. The computed IK joint angles and
box forces were filtered (2nd order Butterworth, cut-off 6 Hz) and used
to obtain real-time L5/S1 joint ID moments. Subsequently, IK-derived
joint angles, box forces and MTU forces derived from our EMG-driven
musculoskeletal model (Section 2.2.3) were transferred to RTOSIM
plug-in. RTOSIM plug-in computed joint reaction analyses (JRA), by
solving Newton-Euler equations, which included all translational forces
and rotational moments for all bodies in the model. Hence, the sum of
contact forces between consecutive bodies was computed, resulting in
L5/S1 joint compression forces (Fig. 2).

The EMG plug-in managed the TCP/IP streaming of raw data from
EMG amplifiers and the processing steps to extract EMG linear en-
velopes: bandpass filter (30–300 Hz), rectification and low-pass filter
(3 Hz). Filtered EMG linear envelopes were normalized using EMG
values from isometric maximum contraction recordings. Subsequently,
EMG linear envelopes were transferred to the EMG-driven muscu-
loskeletal model block, where they were used as input for the com-
putation of MTU forces (Section 2.2.3).
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Table 2
Muscle-tendon unit groups in the adapted lifting full-body model and associated
measured bipolar electromyograms (EMG). Muscle-tendon units belonging to latissimus
dorsi, multifidus, quadratus lumborum and psoas major muscle groups were not
driven by EMGs, therefore, solely contributing with the passive musculotendon force
component.
Muscle group in adapted lifting-full body
model

Measured EMG

Rectus abdominis, external and internal
obliques

Rectus abdominis

Iliocostalis pars lumborum Iliocostalis

Longissimus thoracis pars lumborum Longissimus thoracis pars
lumborum

Longissimus thoracis pars thoracis and
iliocostalis pars thoracis

Longissimus thoracis pars thoracis

2.2.3. Real-time EMG-driven musculoskeletal modelling
Our real-time EMG-driven musculoskeletal trunk model relied on

the anatomical model described in Section 2.2.1. Model musculotendon
forces were estimated using IK-derived L5/S1 joint kinematics and
experimentally measured trunk EMGs.

EMG-driven model calibration. First, a mapping between measured
EMGs and their associated model MTUs was established (Table 2).
As we utilized surface bipolar EMG, we were unable to measure the
activity of deep muscles (psoas major, quadratus lumborum and multi-
fidus), for which we only computed the passive force component. Then,
subject-specific EMG-driven models were calibrated by tuning MTU
maximum isometric force, tendon-slack length, optimal fibre length and
EMG shape factor. For this, a simulated annealing algorithm (Goffe
et al., 1994) utilized measured EMGs and spline-derived MTU lengths
and moment arms, to minimize the difference between reference ID
and EMG-based L5/S1 moments. The calibration procedure included
one lifting repetition for each experimental condition (Section 2.3).

EMG-driven model execution. Calibrated EMG-driven models received
MG linear envelopes from the EMG plug-in, and these were trans-
ormed by accounting for the linear or non-linear EMG-force relation-
hip (Buchanan et al., 2004), as follows:

(𝑡) = 𝑒𝐴𝑢(𝑡) − 1
𝑒𝐴 − 1

(1)

where 𝑎(𝑡) are the resulting MTU activations, 𝐴 the non-linear shape
factor (constrained to −3 < 𝐴 < 0, with 0 being a linear relationship)
and 𝑒(𝑡) the filtered EMG linear envelopes.

Hill-type muscle models were used to represent muscle–tendon
fibres, which included an active contractile element in parallel with a
passive element and a linear damper, as well as a representation of a
stiff tendon (Sartori et al., 2012b). Therefore, muscle fibres were mod-
elled using force-velocity, passive and active force-length curves. MTU
forces were computed in real-time as a function of MTU activation,
length, fibre contraction velocity and pennation angle. Subsequently,
estimated MTU forces were used altogether with spline-derived MTU
moment arms to estimate L5/S1 joint flexion-extension moments (will
be referred as NMS moments). Lastly, the estimated MTU forces were
transferred to RTOSIM plug-in to perform JRA (via OpenSim API),
obtaining lumbosacral joint compression forces.

Electromechanical delay. During model execution, our real-time
ipeline did not include a time-delay compensating for the electrome-
hanical delay (time difference between EMG and force production),
eading to NMS moments out-of-phase relative to ID moments (Lloyd
t al., 2003). To estimate and compensate for the electromechanical
elay, cross-correlations analyses between ID and NMS moments were
onducted (Van Dieën et al., 1991). Subsequently, real-time L5/S1
MS moments and compression forces were time-shifted accordingly

o compensate for this delay.
Nevertheless, in the EMG-model calibration stage, our developed

lgorithm implemented an 80 ms time-delay (based on prior testing) for
MG recordings, which simulated the muscle electromechanical delay,
herefore, improving calibration outcomes.
4

2.3. Experimental protocol

The experimental protocol was divided into calibration and exper-
iment sessions. In both, after marker and electrode placement and
maximum voluntary contraction recordings, participants performed
symmetric box-lifting tasks (width 𝑥 depth 𝑥 height: 40 × 30 × 22 cm)
using squat (upright trunk and flexed knees) and stoop (flexed trunk
and extended but not locked knees) lifting techniques and two weight
conditions (5 and 15 kg). Lifting repetitions consisted of (1) bending
over to grab the box (which was resting on 28 cm-height platform),
(2) lifting the box until upright posture, (3) bending over to place the
box and (4) returning to upright posture. To control for movement
speed, a metronome (30 beats-per-minute) indicated the start each of
the aforementioned phases.

In the calibration session, participants performed one lifting repeti-
tion for each of the four lifting conditions. In the experiment session,
participants performed box-liftings with (EXO) and without (NOEXO)
exoskeleton. For each of the eight experimental conditions, ten lifting
repetitions were recorded, including 1-min rests after two liftings. Lift-
ing repetitions were randomized and NOEXO conditions were recorded
first.

2.4. Study analyses

The validity of our real-time EMG-driven framework for L5/S1
flexion-extension moment estimation was evaluated by computing the
coefficient of determination (R2) and root mean squared errors (RMSE)
between real-time reference ID and NMS L5/S1 moments. Additionally,
we quantified the real-time computational performance of our method-
ology by computing average computation times (via std::chrono::
system_clock class in C++11) for: IK, ID, B-Spline, NMS moment
and JRA processing blocks. An additional analysis comparing our
real-time model with our previously proposed offline EMG-driven
model (Moya-Esteban et al., 2022) can be found in the Supplementary
Materials.

2.4.1. Statistical analyses
Mean EMGs, L5/S1 joint angle, NMS moments and compression

forces across 10 participants were divided into 8 time-segments (each
12.5% of the lifting cycle, matching half of the movement consisting
of going from upright to fully flexed posture, or viceversa). One-
tailed paired-samples t-tests compared the integral of EMGs, NMS
moments and compression forces between EXO and NOEXO conditions,
at each time segment. Two-tailed t-tests checked for differences in
L5/S1 angles. Non-parametric permutation tests were conducted when-
ever normality of residuals (tested via D’Agostino-Pearson tests) was
not met. Statistical analyses were performed using the spm1d package
in Matlab 2017 (https://www.spm1d.org) and statistical significance
was 𝛼 = 0.05.

3. Results

3.1. Real-time model validation

For all participants and NOEXO conditions, the average estimated
electromechanical delay was 88.90 ± 15.39 ms. Prior to EMD compen-
sation, real-time NMS moments and reference ID moments are depicted
in Fig. 3. The average R2 across participants and NOEXO conditions
was 0.70, which increased by 13% after EMD-compensation (0.79).
Similarly, the average RMSE𝑅𝑀𝑆 (RMSE normalized to the RMS of
reference moments) decreased by 13% (from 0.31 to 0.27) after EMD-
compensation (Fig. 4). Similar mean moment peaks were obtained
from ID and EMG-model methodologies, finding the highest and lowest
agreement in stoop 5 kg (ID: 2.32 ± 0.14 N m/kg; NMS: 2.35 ± 0.37
N m/kg) and squat 5 kg (ID: 2.06 ± 0.27 N m/kg; NMS: 2.34 ± 0.37 N
m/kg), respectively.

https://www.spm1d.org
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Fig. 3. Real-time inverse dynamics (ID) and EMG-driven musculoskeletal (NMS) L5/S1 joint flexion-extension moments for NOEXO experimental conditions (top row: squat 5 and
15 kg, bottom row: stoop 5 and 15 kg). NMS moments are shown prior to electromechanical delay compensation. Moment values are normalized to participants body weight.
Solid lines represent the mean moment across all participants and shaded areas correspond to ± 1 standard deviation. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. Coefficient of determination (R2) and root mean squared errors: absolute (RMSE) normalized to body weight (RMSE𝐵𝑊 ) and normalized with respect to the root mean
square of the reference moment (RMSE𝑅𝑀𝑆 ), between real-time inverse dynamics and EMG-driven L5/S1 joint moments. Grey bars correspond to the moment comparison where the
electromechanical delay (EMD) was not compensated, while for blue bars, EMD was compensated. Horizontal dashed lines depict the mean values across the four lifting conditions
when compensating and not for the EMD in blue and grey, respectively. All R2 values were statistically significant (𝑝 < 0.05).
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Fig. 5. Normalized electromyography (EMG) activity comparison for all lifting conditions with (EXO) and without (NOEXO) the Laevo Flex exoskeleton, for all recorded
thoracolumbar muscles: iliocostalis (IL), longissimus thoracis pars lumborum (LTpL) and longissimus thoracis pars thoracis (LTpT). Rows represent all lifting conditions: squat
(5 and 15 kg) and stoop (5 and 15 kg). Solid lines represent the mean normalized EMG across all participants and shaded areas correspond to ± 1 standard deviation. Background
orange shaded areas highlight time-segments with statistically significant EMG reduction at EXO conditions (𝑝 < 0.05). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 6. Mean electromyography (EMG) activity reduction averaged across the complete
ifting cycle, for EXO lifting conditions with respect to NOEXO conditions. EMG
eduction was computed as the percentage of maximum EMG peaks for each participant
nd muscle. EMG reductions are shown as the average for lumbar and thoracic muscles.
olid dots and triangles indicate mean values across all participants and outliers,
espectively. Data is shown for all lifting techniques (left to right): squat (5 and 15 kg)
nd stoop (5 and 15 kg).

The average computation time for the major blocks of our real-time
odelling pipeline were: IK (24,6 ± 11,1 ms), B-spline (1,7 ± 0,1 ms),
MS moment (0.9 ± 0.1 ms) and joint reaction analysis (54,3 ± 10,1

ms).

3.2. Exoskeleton biomechanical evaluation

For all participants and experimental conditions, the exoskeleton
significantly reduced EMG activity for most recorded thoracolumbar
muscles (Fig. 5). EMG reduction was mainly present in lumbar mus-
culature (IL and LTpL). For squat lifting, significant EMG reductions
6

were present throughout the whole lifting cycle (except around 50%
of the lifting cycle, when participants stood up holding the weight).
For the overall squatting cycle, mean EMG activity across participants
(expressed as the percentage of maximum EMG peaks) was reduced
by 12.4 ± 5.4% and 6.5 ± 6.4% for lumbar and thoracic musculature,
respectively (Fig. 6). For stoop lifting, the overall reduction was lower
than for squatting (7.3 ± 7.8% and 2.1 ± 7.4% for lumbar and thoracic
muscles) and it was mainly present when stooping down to grab the
box (0%–25% of the lifting cycle) and when stooping to place the box
and going back to upright posture (62.5–87.5% of the lifting cycle).

In specific time-segments of the lifting cycle, L5/S1 joint angles
were statistically different between EXO and NOEXO conditions
(Fig. 7a). For these time-segments, the maximum angle difference for
all experimental conditions was found to be 0.02 radians. For all
lifting conditions, L5/S1 NMS moments and compression forces were
significantly reduced with respect to NOEXO conditions (Fig. 7a). For
the complete lifting cycle and all participants, mean NMS moment
reductions were higher for squatting, 17.1 ± 13.9 N m (0.25 ± 0.20

m/kg; or 9.9 ± 6.7% of the maximum moment peak) than for
tooping, 12.0 ± 16.1 N m (0.18 ± 0.24 N m/kg; 6.5 ± 8.2%), see
ig. 7b. A similar trend was observed for L5/S1 compression forces
ith reductions of 447.5 ± 317.7 N (0.68 ± 0.48 times body weight

xBW); 8.4 ± 5.0%) for squatting, and 310.1 ± 376.8 N (0.47 ± 0.57
xBW; 5.4 ± 6.3%) for stooping (Fig. 7c).

4. Discussion

Real-time technologies monitoring lumbar loading may have a large
impact on prevention and treatment of musculoskeletal disorders such
as low-back pain, as well as on bio-protective robotic technologies
which provide assistance based on spinal forces and aim at maintaining
them within safe boundaries. Here, we presented a real-time EMG-
driven musculoskeletal model which provides accurate and realistic
lumbosacral joint moments and compression forces in line with pre-
vious experimental data. Furthermore, we proposed this technology as
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Fig. 7. (a) L5/S1 joint angles, real-time EMG-driven L5/S1 joint moments and real-time compression forces for all lifting conditions with (EXO) and without (NOEXO) the Laevo
Flex exoskeleton. Columns represent all lifting conditions: squat (5 and 15 kg) and stoop (5 and 15 kg). Solid lines represent the mean values across all participants and shaded
areas correspond to ± 1 standard deviation. Background orange shaded areas highlight time-segments with statistically significant differences in L5/S1 joint angle or significant
reduction of L5/S1 joint moment or compression force at EXO conditions (𝑝 < 0.05). (b) Mean real-time EMG-driven L5/S1 joint moment reduction and (c) real-time L5/S1 joint
ompression force reduction, averaged across the complete lifting cycle, for EXO lifting conditions with respect to NOEXO conditions. In (b) and (c), solid dots and triangles
ndicate mean values across all participants and outliers, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
f this article.)
s
robust instrument for biomechanical assessment of back-support ex-
skeletons aiding lifting tasks. This may enable subject-specific design
nd real-time personalization of exoskeleton assistance.

Real-time L5/S1 joint moments from our EMG-driven musculoskele-
al models were in agreement with reference ID moments, as suggested
y correlation values ranging between 0.76–0.83 and average estima-
ion errors, RMSE𝑅𝑀𝑆 , below 30% of the reference moment for all
ifting and weight conditions (Figs. 3 and 4). Previous offline studies
ased on EMG-driven (Faber et al., 2009; Marras et al., 1999) or inverse
ynamics (Schipplein et al., 1990) methodologies have reported similar
umbosacral moment magnitudes, for comparable lifting conditions.

Mean real-time lumbosacral compression forces ranged between
850–6050 N for stoop 5 kg and squat 15 kg, respectively. A direct
alidation of these estimates was unfeasible due to the required in-
asive insertion of sensors. Nonetheless, similar L5/S1 compression
orces have been reported in earlier research based on offline EMG-
ssisted (Ferguson et al., 2002; Koopman et al., 2020b) or static opti-
ization (Kim and Zhang, 2017) approaches. Our estimates displayed
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imilar magnitudes as previous in vivo measurements of intradiscal
pressures of adjacent lumbar joints. Taking into account intradiscal
pressures and the estimated disc area, L4/L5 joint compression force
estimates of approximately 5000 N were previously observed for one
participant stoop-lifting a 19.8 kg box (Wilke et al., 2001). Additionally,
high correlations (R2 = 0.81) and magnitude differences below 14%
were found between L5/S1 compression forces computed with our
earlier proposed offline EMG-driven model (Moya-Esteban et al., 2022)
and the present real-time pipeline (see Supplementary Materials). This
disagreement may stem from differences in implementation of the acti-
vation dynamics blocks of the real-time and offline pipelines (Pizzolato
et al., 2015), which may have led to different muscle activation, given
identical EMGs.

Our modelling pipeline provided real-time estimates of biological
joint moments and compression forces, with an average processing
delay of 81.5 ms. This time was significantly lower than the previously
found electromechanical delay inherent of back musculature (approx-
imately 130 ms; Van Dieën et al., 1991), and the 90 ms estimated
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in the present study. This highlights the potential of our framework
to become a robust human-machine interface capable of estimating
internal biomechanical properties non-invasively and employ them in
control actuation strategies of robotic assistive devices as back-support
exoskeletons.

Although significant, EMG reductions in this study were lower
compared to previous research on back-assistive devices (Lamers et al.,
2017; Alemi et al., 2019). In Abdoli-e and Stevenson (2008), EMG
activity of the erector spinae muscle was reduced by 24% for similar
lifting tasks, when using an elastic-based back-support exoskeleton. Re-
ductions found in the present study were larger during squat than stoop
lifting (12.4 and 6.5%, respectively). This may be explained by the fact
that during squatting the thigh-torso angle was smaller, therefore, the
exoskeleton delivered greater moments to the participants. Our results
also highlighted a predominant EMG reduction in the lowering phases
of the movement (Fig. 5), suggesting that participants laid their upper-
body on the device, relieving therefore the load on back musculature.
EMG reductions were also greater for lumbar than thoracic muscles (see
Fig. 6), which was expected since the exoskeleton provided assistance
at hip level.

We found lumbosacral moments and compression forces to be re-
duced by 11.9–18.7 N m (6%–12%) and 300–450 N (5%–10%) respec-
tively, which is in agreement with the provided hip assistance (van
Harmelen et al., 2022). Previous studies showed similar L5/S1 com-
pression forces reductions (8%–9%) for the previous version of the
Laevo exoskeleton (Koopman et al., 2020a) as well as, larger reduc-
tions (13%–24%) for active back-support exoskeletons (Koopman et al.,
2020b). Although our compression force reductions were slightly lower
than previous research, 300–450 N reductions may avoid exceeding
previously proposed maximum acceptable lumbar forces (Jäger, 2018),
resulting in low-back pain risk reduction. Moreover, participants only
followed a short familiarization period with the device. Dedicated train-
ing sessions would likely promote an optimal use of the device and im-
prove results at EMG, moment and compression force levels (Diamond-
Ouellette et al., 2022).

A limitation of our experiment was the low sampling frequency in
kinematic recordings, which may hamper accurate estimations during
faster movements. The multiple musculotendon units in our anatomical
model and their associated wrapping surfaces around spinal vertebrae,
required highly expensive computations in the OpenSim joint reaction
tool (Seth et al., 2011), making our pipeline unsuitable for higher sam-
pling frequencies. In future research, a multithreaded implementation
will allow for simultaneous computations of multiple JRA frames. Fur-
thermore, lack of randomization of exoskeleton conditions constitutes
another limitation of this study. However, this did not likely influence
our results since muscle fatigue was minimized with rest periods in
between liftings. Additionally, neglecting box-derived inertial forces
may have resulted in estimation errors for inverse dynamic moments.
The impact of these errors may be reduced due to the slow lifting
movements in our protocol.

Another limitation of the present study was the low amount of
sampling sites used to measure EMG activity of trunk muscles. First, we
did not measure EMG activity of deep trunk muscles such as multifidus,
quadratus lumborum or psoas major. Nevertheless, previous research
suggests that recording muscle activity of deeper muscles does not
result in better muscle forces and spinal force computation (Stau-
denmann et al., 2005; Van Dieen and Kingma, 2005). Furthermore,
unlike our previous offline EMG-driven methodology, we did not record
muscle activity from external and internal oblique muscles. Instead,
rectus abdominis activity was used to drive all abdominal MTU in our
model. The impact of this assumption on our estimates may be reduced
as a result of the high co-activity of abdominal musculature during
symmetric lifting tasks (Zetterberg et al., 1987).

We presented a real-time EMG-driven musculoskeletal modelling
framework capable of estimating accurate lumbosacral joint moments
8

and plausible compression forces, across varied box-lifting conditions.
Thanks the calibration stage, our models estimated lumbosacral mo-
ments without a priori information of the lifted object. This suggests the
possibility of applying our framework in out-of-the-lab scenarios where
wearable sensors as inertial measurements units and zero-wire EMGs
can be used to provide real-time biofeedback on lumbar moments. This
technology also demonstrated the capacity of detecting the biomechan-
ical effects on joint loading of assistive devices such as back-support
exoskeletons. The proposed framework lays the foundation for the
development of devices aiming at providing biofeedback for prevention
and treatment of musculoskeletal injury-related disorders. Additionally,
this technology presents the potential to develop versatile and adaptive
human-machine interfaces for bioprotective robotic devices relying on
musculoskeletal variables.
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