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ABSTRACT

Reducing the ergonomic risk involved in picking activities is fundamental to ensure
the health of the workers by minimizing the occurrence of musculoskeletal disorders.
Recently exoskeletons have been introduced to support workers and reduce the over-
load. In this paper exploiting a depth camera we evaluated the risk involved in picking
activities with and without the support of an active exoskeleton. For the scope 5 differ-
ent subjects performed 42 lifting actions with and without the active exoskeleton for a
total of 420 total lifts. The task was to reproduce a real logistical scenario of palletizing
boxes in the laboratory. The lifting actions were recorded in a laboratory setting with
the Azure Kinect depth camera benchmarking the posture with and without the active
exoskeleton. For the risk assessment we exploited a tool based on the Azure Kinect
to automatically calculate the NIOSH lifting equation named AzKNIOSH. Results sta-
tistically demonstrated that the exoskeleton does not affect the posture during the lift
while it has a beneficial effect on the lifting index considering a decreased load weight.

Keywords: Depth cameras, Ergonomics, Kinect, Picking

INTRODUCTION

Work-related musculoskeletal disorders (WMSDs) pose a significant chal-
lenge to occupational health, with evidence indicating their prevalence as
a major workplace concern (Lu et al., 2014). These disorders can be cate-
gorized based on the specific site interested, such as back pain, upper limb
disorders, and lower limb pain (Lucas et al., 2021). Recently, under the
fourth Industrial Revolution organizations and industrial processes under-
went transformative changes (Coronado et al., 2022). Automation has
significantly improved working conditions but certain tasks, particularly
in logistics, remain challenging to automate, with order picking standing
out as one of the most labour-intensive activities (de Koster et al., 2007).

© 2024. Published by AHFE Open Access. All rights reserved. 117

https://doi.org/10.54941/ahfe1005184


118 Coruzzolo et al.

Order picking also poses ergonomic challenges, contributing to WMSDs
due to factors like heavy load weight and repetitive, awkward body pos-
tures (Weisnera & Deusea, 2014). These WMSDs lead to long-term injuries,
with 31.4% of workdays lost attributed to them, as reported by the US
Bureau of Labor Statistics (BLS, 2017). Among these WMSDs it has been
estimated that low-back pain account for between 26% and 50% of the
total (Punnett & Wegman, 2004). WMSDs that have also a high economic
impact estimated in $20 billion annually in the US only for direct costs
(Kang et al., 2014). Given their economic and social impact there is a
clear imperative for strategies aimed at reducing WMSDs in the workplace.
Various ergonomic interventions have been proposed for the scope, includ-
ing improvements in lifting techniques, foot positioning, and lifting height
adjustments (Hoozemans et al., 2008) (Marras et al., 1999). However, the
effectiveness of these ergonomic solutions is not universal and are quite
specifics e.g., prescriptions to lift a box that is too large to fit between the
knees (Kingma et al., 2010). In response to this challenge, there is a grow-
ing interest in the use of industrial exoskeletons, specifically designed to
address manual material handling (MMH) tasks (Toxiri et al., 2019). Eval-
uating the effectiveness of these exoskeletons involves a range of metrics,
including human biomechanics, lifting behaviour, electromyography, phys-
iological parameters, and exoskeleton-related parameters (Guerrero et al.,
2012; Huysamen et al., 2018a; Koopman et al., 2019, 2020; Pesenti et al.,
2021). However, a consensus on evaluation methods and metrics for occupa-
tional exoskeletons is still evolving and a standardized approach is missing.
From an ergonomic perspective, there is currently no established procedure
to evaluate the benefits provided by an exoskeleton. However, there are some
experimental methods under development (Di Natali et al., 2021; Spada
et al., 2018; Zelik et al., 2022). Recent studies revealed that work-related low
back disorders alone account for a substantial portion of reported WMSDs
(Kim et al., 2010; Punnett & Wegman, 2004). For this reason, back support
devices target the reduction of compressive load on the spinal discs, mit-
igating associated injury risks during lifting tasks (de Looze et al., 2016).
Recent evaluations based on electromyography revealed a reduction from
10 up to 40% of the total activation of low back muscles (erector spinae)
using active low back support exoskeleton (Huysamen et al., 2018b; Lanotte
et al., 2018). At the same time classical evaluations of manual activities car-
ried out in the Industrial field are quite different from the ones exploited in
laboratory setting to evaluate the impact of exoskeletons. In fact, to assess
ergonomic risk in the industrial field, three methods are commonly used: self-
reports, direct measurements, and observational techniques (Li & Buckle,
1999). Self-reports are subjective and influenced by worker bias (David,
2005), while direct measurements, relying on body-mounted sensors, are
intrusive and expensive (Kowalski et al., 2012). Among the observational
methods the NIOSH lifting equation was particularly designed for assess-
ing the risk in repetitive lifting tasks (Lu et al., 2014; Waters et al., 1993).
Observational methods that have evolved, incorporating Motion Capture
Technologies (MOCAP) to address limitations like time-consuming video
analysis and high variability (Mgbemena et al., 2017). MOCAP systems are
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categorized as sensor-based and optical (Seghezzi et al., 2021). Sensor-based
systems are less common due to user discomfort, while optical systems, like
Kinect cameras, are non-intrusive and established for ergonomic risk assess-
ment (ERA) (Manghisi et al., 2020). In this paper we evaluate the impact
of an active exoskeleton for low back support with an Azure Kinect based
application to evaluate the NIOSH lifting equation named AzKNIOSH (Lolli
et al., 2023), that as far as our knowledge goes is a novel contribution for
the literature. In particular, with AzKNIOSH we evaluate the impact of the
exoskeleton on the postures during the lift considering no load reduction and
a load reduction of one third of the weight since a previous study introduced
the concept of equivalent weight for the same exoskeleton using electromyo-
graphy (Natali et al., 2021). The paper is structured as follows: Section 1
presents the methods of the research in particular Section 1.1 illustrates the
exploited exoskeleton while Section 1.2 briefly introduces AzKNIOSH, Sec-
tion 3 illustrates the experiment setting while Section 4 presents the results,
lastly conclusions are stated together with some future research agenda.

METHODS

Exoskeleton Charateristics

The exoskeleton here employed named XoTrunk, is an active back-support
device designed for assisting workers in manual material handling tasks
(Figure 1) (Poliero et al., 2022). Worn like a backpack, XoTrunk features
articulated structures on the thighs and contributes to extension torque at
the lower back and hips. It consists of a main rigid frame housing on-board
electronics, strapped onto the wearer with custom-made soft braces. Two
actuators generate torques between the back frame and articulated leg links.
Details on the actuators and low-level control are provided in (Di Natali et al.,
2020) while kinematics and physical attachments are described in (Sposito
et al., 2020). Control of the exoskeleton runs in real-time, involving a high-
level layer detecting activities (e.g., walking, bending) and a mid-level layer
adjusting torque patterns accordingly (Toxiri et al., 2018). The exoskeleton
can generate torques from 0 to 30 Nm (Poliero et al., 2022).

AzKNIOSH

The NIOSH Lifting Equation assesses ergonomic risk in manual load lifting
by determining the Recommended Weight Limit (RWL), which is then used
to calculate the Lifting Index (LI) (Snook & Ciriello, 1991). The LI offers
insights into risk levels by considering the lifted object’s weight in relation to
the RWL.Higher LI values indicate increased risk during lifting. AzKNIOSH,
implemented in Python 3.8, semi-automatically calculates the NIOSH Lifting
Equation using the Azure Kinect Body Tracking SDK (Microsoft, 2021). The
system employs the depth camera with a CNN-based algorithm to locate 32
joints in 3D space. Additional processing is performed to calculate NIOSH
Lifting Equation multipliers, including Distance Multiplier (DM), Horizon-
tal Multiplier (HM), Vertical Multiplier (VM), Asymmetric Multiplier (AM),
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and CouplingMultiplier (CM) as described in (Lolli et al., 2023). In addition,
some manual inputs are required:

• Operator age and gender to calculate the Load Constant (LC).
• Lift frequency and duration to calculate Frequency Multiplier (FM).
• Qualitative judgment of the grip and possible use of gloves contributing

to Coupling Multiplier (CM).
• The start and end of the lift i.e., the two frames where the lift starts and

ends.

Figure 1: Exploited exoskeleton.

EXPERIMENT SETTING

For video recording, we utilized an Azure Kinect configured with specific
settings: Color mode set to 720p, Depth mode set to NFOV 2x2 binned,
No depth delays, Frames per second (fps) at 15, IMU ON, External Sync
Standalone, Sync delay set to 0, and Gain Auto. The Kinect was consis-
tently positioned at a height of 110 cm and at a distance of 150–200 cm
from the subject. The experimental setup, illustrated by a top-view graphical
representation in Figure 2, comprised the following elements:

• 9 shoeboxes of size 35x22x13 cm.
• 3 medium boxes of size 57x39x42 cm.
• A table with a height of 72 cm.
• A pallet with a height of 10 cm.

The experimental routine consisted of:

• Unloading the 9 shoeboxes, one of the tops of each other for a total height
of 135 cm, from the pallet to the table in two different columns (the first
one with 5 shoeboxes the other with 4). Weights of the 9 boxes are:

• Re-loading the pallet with the 9 shoeboxes from the table.
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• Unloading the 3 medium size boxes, one of the tops of each other for a
total height of 90 cm.

• Re-loading the pallet with the 3 medium size boxes from the table.

However, the first two point of the routine were repeated with two dif-
ferent pallet orientations as displayed in Figure 2 resulting in a total of 42
lifting actions for each subject. These 42 lifts were executed by each subject
with and without the support of the exoskeleton, thus 84 lifts were recorder
for each subject. In the experiment 5 different subjects were involved, 3 males
and two females (avg. age: 29.8 years, std:3.34 years; avg. height: 180.2 cm
std: 8.22 cm; avg. weight: 73.2 kg std: 8.31 kg) and performed a total of 420
lifting actions. Since the LI has been calculated for each lift at its start and
at its end a total of 840 LI, 420 with and 420 without the exoskeleton have
been benchmarked. Figure 3 reports the same lift executed with and with-
out the exoskeleton by the third subject together with its body segmentation
provided by the Azure Kinect and with the vertical and horizontal distances
during the lift.

Figure 2: Top view of the set up.

Figure 3: Same lift performed with and without the exoskeleton by the third subject
with segmentation of the body and vertical and horizontal distance.
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The first 9 shoeboxes, in order of the first picking from the pallet, have a
weight of: 11-5-10-8-3-8-8-3-3 kg. While the medium size shoeboxes have
all a weight of 12 kg. The grip was evaluated as fair for the shoeboxes thus
a value of 1 was exploited for CM and as good, value of 2, for the medium
size boxes where handles are present. Other useful information to calculate
semi-automatic the LI: lift frequency of 2 lift/min for each shoebox and of
3 lift/min for each medium size box; the lift duration of 6 hours for both
boxes. It has to be reminded that for each video start and end of each lift
where manually identified.

RESULTS

The 840 LIs obtained have been analyzed through an ANOVA without con-
sidering any weights reduction obtainable from the exoskeleton. Thus, the
420 LIs without the exoskeleton have been benchmarked with the 420 wear-
ing it only in terms of postures. The results of a t-test between these two
groups showed that no significant statistical differences have been observed
since the resulting p-value was of 0.59 rejecting the null hyphothesis. In
particular, without the exoskeleton, the mean LI was 1.16 with a standard
deviation of 0.74, while it was 1.17 with the exoskeleton with a standard
deviation of 0.72. From this first analysis, we can conclude that the exoskele-
ton does not impact the posture during the lifts in the tested experiment.
However, even if the posture is not affected by the exoskeleton, it can pro-
vide a weight reduction of the lifted load. In fact, for this exoskeleton, we can
apply the equivalent weight approach (Di Natali et al., 2021). The equivalent
weight approach requires an assessment of the impact of the exoskeleton on
the ES through a dedicated and task-specific experimental section.Moreover,
we could hypnotize that the results obtained in Di Natali et al. (2021) can be
applied to the specific task to show the potential impact that an exoskeleton
combined with the proposed method can have on the ergonomic assessment
of a task. Di Natali et al. (2021) demonstrated that XoTrunk could reduce
the perceived weight by about 30%. Since the application is very similar, we
decided to take advantage of this preliminary result for the work presented
in this paper with the main goal of showing a methodology to automatize
the ergonomic assessment of a worker wearing an exoskeleton. For this rea-
son, we re-calculated all the LI with the exoskeleton reducing the weight
lifted by 30%. This time the p-value resulting from the t-test was 1.58 1e-41

confirming the different distributions of the two groups of LI. In particular
this time LI with the exoskeleton and the weight reduction has a mean value
of 0.81 and a standard deviation of 0.54, resulting box plot is shown in
Figure 5.

From Figure 5 the benefits earnable from the weight reduction provided by
the exoskeleton are clear, with a mean difference of -0.36 between the two as
reported in Figure 6 where the Bland Altman plot of the two groups of data
is reported.
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Figure 4: Box plot of the LI without the exoskeleton (1) and with the exoskeleton and
weight reduction (2).

Figure 5: Bland Altman plot of the LI without the exoskeleton and with the exoskeleton.

From the Bland Altman plot we can see that there are only a few outliers,
less than 5% of the data, and that the differences distribution is quite sparse
but with a mean difference of -0.36. The sparse distribution of the data can
be interpreted with the different effects on the different subjects, an aspect
that should be further investigated.

CONCLUSION

In this paper an evaluation of the postures adopted during liftings activities
with and without the help of an active exoskeleton to support low back,
XoTrunk, has been carried out exploiting a depth camera. In particular, the
Azure Kinect has been exploited together with an application able to semi-
automatically calculate the NIOSH lifting equation and its Lifting Index (LI).
The laboratory experiment involved 5 different subjects that performed 84
lifts without the help of the exoskeleton and 84 with its support for a total of
840 total lifts. The data analysis statistically demonstrates that the posture of
the subjects was not affected by the exoskeleton in terms of LI. While it was
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also demonstrated that considering an average weight reduction of one third
as found in a recent study that involved the same exoskeleton (Di Natali et al.,
2021) the resulting mean LI reduction is of -0.36 following the same trend.
However, the impact of the exoskeleton varied between subjects with a sparse
distribution thus future research must include a wider sample to comprehend
its impact based on subject characteristics.

Informed Consent Statement: The experiment was approved by the Ethical
Committee of Liguria (protocol reference number: CER Liguria 001/2019)
and complies with the Helsinki Declaration. All the subjects signed a con-
sent form prior to participating, after a full explanation of the experimental
procedure.
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