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Abstract: The execution of manual material handling activities in the workplace exposes workers
to large lumbar loads that increase the risk of musculoskeletal disorders and low back pain. In
particular, the redesign of the workplace is making the execution of pulling activities more common,
as an alternative to lifting and carrying tasks. The biomechanical analysis of the task revealed
a substantial activation of the spinal muscles. This suggests that the user may benefit from the
assistance of a back-support exoskeleton that reduces the spinal muscle activity and their contribution
to lumbar compression. This work addresses this challenge by exploiting the versatility of an active
back-support exoskeleton. A control strategy was specifically designed for assisting pulling that
modulates the assistive torques using the forearm muscle activity. These torques are expected
to adapt to the user’s assistance needs and the pulled object mass, as forearm muscle activity is
considered an indicator of grip strength. We devised laboratory experiments to assess the feasibility
and effectiveness of the proposed strategy. We found that, for the majority of the subjects, back muscle
activity reductions were associated with the exoskeleton use. Furthermore, subjective measurements
reveal advantages in terms of perceived support, comfort, ease of use, and intuitiveness.

Keywords: low back pain; exoskeleton; back-support; manual material handling; pulling task

1. Introduction

Pulling and pushing tasks are becoming more common in industrial settings with the
redesign of the workspaces and the introduction of assistance equipment, such as carts or
trucks that facilitate manual material handling (MMH) activities [1]. In many industrial
sectors, almost half of all working processes currently involves pulling and pushing tasks
on a regular and repetitive basis [2,3]. The aim is to replace lifting and carrying activities
that are generally assumed to cause low back pain (LBP) and musculoskeletal disorders
(MSDs) at the low back [4,5]. However, several epidemiological studies have identified
strong evidence for the causal association between occupational pulling and pushing
exposure and increased incidence of MSDs [6-8]. In particular, a review of epidemiological
studies showed that between 9 and 18% of low back injuries were associated with pulling
and pushing activities. [9,10].

Occupational back-support exoskeletons are a possible novel solution that can be
introduced in the workplace to reduce the incidence of occupational LBP and the risk
of developing MSDs, by limiting workers” lumbar load during the execution of MMH
activities [11,12]. They provide to users assistive torques in the sagittal plane, approximately
aligned with the lumbar joint. These torques generate an extension moment in the same
direction as the extension moment generated by the erector spinae muscles. By reducing the
activation of these muscles, a back-support exoskeleton can reduce the muscle contribution
to lumbar compression, as documented by recent studies [13-16], and thus mitigate the
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risk of injury. In the literature, back-support exoskeletons have been introduced and
employed mainly for assisting static forward bending and symmetric lifting and lowering
tasks [11,12]. As a matter of fact, for the execution of other activities, which workers
may perform in the same workplace, the use of a back-support exoskeleton has not been
considered extensively.

This work presents a first attempt at providing assistance for a pulling task using a
back-support exoskeleton to mitigate the risks associated with pulling activities performed
in the workplace. To achieve this, an active exoskeleton was employed that allows the
modulation of the assistive torques using actuators and irrespective of the user’s posture.
Passive exoskeletons, by contrast, cannot modulate the assistance or inject external power,
as they use purely mechanical components (e.g., springs and dumpers). The assistance
requirement is established at the design stage and depends on the physical characteristics
of the elastic elements that just store and dissipate the energy extracted from the user’s
movements [12]. For back-support usage, the energy is stored when the user bends forward
and then used to support the trunk extension during the lifting phase. As examples, the
VT-Lowe’s [17] prototype employs carbon fiber beams, while commercial devices as the
Laevo V2 [18] and the BackX [19] use gas springs; soft devices, such as the Apex [20], are
made with elastic bands. Carbon fiber beams, gas springs, and elastic bands flex to store
energy during the lowering phase and return it to support the lifting phase. However, for
activities other than lifting or static bending, different passive prototypes have been found
to restrict or interfere with the user movement [18,21]. Conversely, due to the possibility
of modulating the assistance, active exoskeletons are generally considered more versatile
and can be exploited to assist the workers in different occupational tasks, including tasks
executed in an upright posture. As an example, the XoTrunk active exoskeleton was
proved to be suitable and potentially effective for assisting carrying [22]. Moreover, active
exoskeletons can implement multiple strategies in the same device and interchangeably
use them to assist with the current task a user is performing [23]. As a result, the versatility
of active exoskeletons allows for providing assistance in a wider range of applications.

In the following, we first present the biomechanics of the pulling task, as analyzed
by previous literature (Section 1.1), and then show the reasons why we expect that the
assistance provided by a back-support exoskeleton can benefit a user performing pulling
(Section 1.2). Section 2 reports the design of the control strategy implemented for as-
sisting with the pulling task (Section 2.1) and the details of the experimental evaluation
(Section 2.2), indicating the experimental design adopted and the metrics analyzed. The
results are presented in Section 3 and discussed in Section 4. Finally, Section 5 concludes
this work.

1.1. Biomechanics of Pulling

Comparing pulling with pushing activities, a higher mechanical load was found to be
associated with the pulling task [24-28]. Two factors may explain these results. Firstly, the
lever arm of the trunk flexor muscles (activated during pushing) is larger than the lever arm
of the trunk extensor muscles (activated during pulling). Consequently, the compression
force generated by flexor muscles on the lumbo-sacral disc (L5-S1) is smaller [9]. Secondly,
the absolute torque at the L5-S1 joint is generally higher in pulling activities [24,27]. In
pulling tasks, the reaction forces at the hands generate a flexion moment at L5-S1 that
increases the lumbar load and needs to be counteracted by the back extensor muscles [28].
In contrast, during pushing, the reaction forces at the hands create an extension moment
that can be partially counterbalanced by bending the torso (causing a flexion moment
about L5-S1).

Analyzing pulling tasks, different studies have found that the lumbar compression
exceeded the safety limit of 3400 N [26-30], established by NIOSH [31]. These excessive
values were found for heavier pulled weights, as expected, and for lower handle heights
(about waist level) [26-29]. Pulling at shoulder height seems to favorably affect the me-
chanical loading on the spine, probably because the trunk flexion is reduced [24]. The
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compression force is at its maximum at the beginning of pulling, while, during the con-
tinuous activity, the compression force is nearly constant, except for small step-induced
changes [25,29]. Moreover, as expected, the maximum compression force increases with
statistical significance if the execution speed increases [26]. As regards anterior/posterior
shear forces, in some studies, the peak exceeded the safety limit of 500 N (suggested by
McGill [32]) for pulling at waist and shoulder heights, increasing with the pulled object
weight [25,27,28,30]. Overall, the lumbar moment and compression values found during
pulling weights ranging between 20 and 60 kg are comparable with the values obtained
when lifting a load weighing 10 kg [33,34].

Assessing the activation of different muscles during the execution of pulling, a high
activation was observed for the erector spinae muscles [30,35-37] that increases with the
weight [30] and the floor inclination [36]. In particular, the activity was above all previously
determined recommended levels [35] and above the 5 and 8% maximum voluntary contrac-
tion (MVC), recommended by Sjogaard and Jonsson, and by Rohmert [38—40] respectively
for exertions lasting over 1 h.

However, the results were not consistent between all the different studies. These
discrepancies may arise because the researchers employed different experimental designs
and imposed different restrictions (e.g., participant posture or cart characteristics) on how
to execute the tasks. Moreover, the lumbar load varies substantially also between subjects
due to individual technique and posture. Pulling a 60 Kg trolley on a 5-degree inclined
surface results in peak compression forces that range between 2000 N and 5500 N for the
different subjects of the same study [29]. Experience was also found to have a positive
contribution in reducing compression forces, meaning that the technique does influence
the individual lumbar load [30].

1.2. Rationale for Assisting Pulling

Back-support exoskeletons have been documented to be effective for assisting static
forward bending and lifting and lowering tasks [11-13]. The compression forces on the
L5-51 disc are reduced because the exoskeleton assistive torques are able to partially relieve
the erector spinae muscles. The extension moment generated by the exoskeleton torques,
in fact, is in the same direction as the extension moment generated by the erector spinae
muscles. As a consequence, occupational LBP and back-related MSDs incidence associated
with the execution of these tasks is expected to decrease.

As regards pulling tasks, in the previous section, evidence was discussed that shows
that the lower back is considered a high-risk area during pulling, due to the high mechanical
load generated on the lumbar joint. Therefore, using a back-support exoskeleton to assist
the pulling task may help to mitigate the risk associated with its execution. In particular,
the level of activation observed for the erector spinae muscles suggests that they contribute
significantly to generating excessive levels of lumbar load [2,41]. Consequently, the use of a
back-support exoskeleton that is able to reduce the activity of the erector spinae muscles for
static bending and lifting tasks may benefit the users also during the execution of pulling.
However, it should be noted that, compared with lifting, pulling tasks do not necessarily
involve substantial trunk bending. As a consequence, passive exoskeletons assistance,
which is provided based on absolute or relative trunk inclination, cannot be adapted to
assist pulling. Active exoskeletons, on the contrary, can modulate the assistance by means
of specifically designed control strategies, regardless of the position of the wearer. With the
proper assistance of an active exoskeleton, lumbar compression during pulling is expected
to decrease.

The aim is to design a control strategy that can effectively assist users during the exe-
cution of pulling tasks, by providing them with assistive torques that reduce the activation
of their spinal muscles.

2. Materials and Methods
We implemented the strategy on the XoTrunk device [42], displayed in Figure 1.
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Figure 1. The XoTrunk exoskeleton prototype (see [42] for more details).

The XoTrunk is an active back-support exoskeleton with two electric actuators, aligned
with the hip joint axes of flexion—extension that generate assistive torques in the sagittal
plane to support hip and back extension. The control system is structured in three levels:
the high level classifies the task the user is performing; the mid level modulates the
assistance with control strategies specifically designed for different target tasks; the low
level regulates the output torques of the two actuators. More details are available in [14,33].

2.1. Control Strategy

In order to design a proper control strategy to assist with pulling, we need to define
when the activity starts and how the assistance has to be modulated. To address the first
issue, the assistance is triggered once a button is pressed. The modulation of the torque
throughout the duration of the task is achieved thanks to a Myo armband (Myo gesture
control armband10, Thalmic Labs Inc., Kitchener, ON, Canada). This device has already
been tried and tested in different experiments with the XoTrunk exoskeleton [14,33] to
define the hybrid control strategy, which assists lifting tasks. The Myo armband integrates
eight pairs of dry electrodes that record via surface electromyography (SEMG) the activity
of the forearm muscles, which are active during a pulling task. The sEMG signals are
preprocessed (filtered and rectified) on the Myo armband itself. Then, for control purposes,
the exoskeleton on-board computer sums the eight signals to calculate the overall activity of
the forearm muscles; this procedure is particularly convenient for actual use as it eliminates
the need for precise electrode placement and calibration. The on-board computer further
filters the overall signal with a low-pass filter with a cut-off frequency of 3 Hz. This
processed signal is considered an indication of grip strength and therefore connected to the
mass of the pulled object. Consequently, the pulling strategy modulates the torque according
to this signal, normalized to a maximum value acquired before task execution:

EMG
T = Kyun EMG# 1
forearm
where K, is the pulling strategy assistance gain (defined in Section 2.2.1). This torque,
as stated before, is provided continuously to the user only when the assistance button
is pressed.

2.2. Experimental Design and Metrics

An experimental protocol is defined to evaluate the effects of the exoskeleton pulling
strategy on assisting the execution of the task. The experiment tests two hypotheses:
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Hypothesis 1 (H1). The control strategy designed to assist with the pulling task reduces the
mechanical load at the user’s back, as assessed by muscle activity measurements.

Hypothesis 2 (H2). The assistance provided by the exoskeleton for assisting the task is positively
experienced by users, evaluated with subjective measurements.

2.2.1. Experimental Design

Ten male healthy subjects (age: 29.8 £ 4.3 years, weight: 74.4 &+ 7.7 kg, height:
177.8 & 6.1 cm) with no history of LBP participate in the experiments, approved by the
Ethics Committee of Liguria (protocol reference number: CER Liguria 001/2019). We
devise an experimental set-up with a pull cable routed through a pulley and attached on
one side to a box and on the other side to a bar, as displayed in Figure 2.

Figure 2. The experimental setup with the pull cable attached on one side to the box and on the
other side to a bar, which is pulled by the subject. The figure displays pulling at waist level (left) and
shoulder level (right) in the exo assistance mode.

Both the box weight and the pulley height from the ground can be adjusted. In
particular, we test two payloads (10 and 20 kg) and two heights, namely the pulley is set
at the same level of the waist and of the shoulder of the subject performing the task. The
weight of 20 kg was chosen based on the recommended psychophysical studies of Snook
and Ciriello [43]. The task, defined as double-handed pulling, consists of three repetitions
of static pulling of the bar balancing the box weight. The duration of each repetition is of
5 s, followed by 5 s of rest. No instructions on the techniques for executing the pulling
movement are given. The task is executed in two different conditions:

o  without the exoskeleton: no-exo;
with the exoskeleton controlled with the pulling strategy defined in Equation (1), which
will be referred to as exo.

To allow comparison between subjects, we empirically select the values for the gain
Kpuii, as defined in Equation (1), instead of adjusting it to each subject’s individual pref-
erence and body characteristics or task features (e.g., the weight of the pulled box). With
EMG orearm/ EM G%fefrm ranging between 0 and 1, the value of the gain K, is set equal to
20, in order to have a maximum assistive torque of 40 Nm (i.e., 20 Nm from each actuator).
The maximum value of 40 Nm was selected based on the authors’ previous experience
and the intended assistance objective. Previous studies have proved the effectiveness of
this amount of assistance in reducing both the EMG activation and the weight experienced
by the users during the execution of MMH tasks [14,22,44]. Moreover, an assistive torque
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equal to 40 Nm is in line with the goal of providing around one-third of the torque required
to perform the target task (previous studies indicated L5-51 moment values range between
50 and 180 Nm for double-handed pulling tasks [24,30]). The assistance is manually trig-
gered by the experimenter using the button. Each subject performs eight double-handled
pull tasks (i.e., each combination of the three independent variables: assistance mode, box
weight, and height: 2 x 2 x 2). The order of the assistance mode (no0-exo and exo), box
weight (10 and 20 kg), and height (waist and shoulder height) is randomized. Before data
collection, participants are familiarized with the exoskeleton.

2.2.2. Metrics

The metrics analyzed to test the hypotheses and evaluate the control strategy are: the
mean and peak activation of the spinal muscles (Hypothesis 1) and subjective measure-
ments acquired via questionnaires (Hypothesis 2).

The EMG of spinal muscles (Iliocostalis Lumborum (IL) and Longissimus Lumborum
(LL)) are recorded bilaterally (right and left) with pairs of SEMG electrodes (BTS FREEEMG,
BTS Bioengineering, Italy), placed following SENIAM guidelines [45]. EMG data are band-
pass filtered (10-400 Hz) with a zero-phase forward-backward 2nd order Butterworth
digital IIR filter, filtered to remove the electrical noise at 50 Hz (forward-backward 2nd
order Butterworth band-stop filter) and the electrocardiography (ECG) signal (high-pass
filter to remove heart rate artifacts [46]). The signals, then, are rectified and low-pass
filtered with a cut-off frequency of 2.5 Hz (forward 2nd order Butterworth digital IIR filter)
to obtain the envelope [47]. To compare muscle activity levels between muscles, tasks,
and individuals, EMG signals are normalized to the MVC [48], measured prior to task
execution. To obtain the spinal muscle MVC, subjects perform a maximum exertion task,
repeated three times [49,50]; the subjects lie in a prone position, with the torso hanging
over the edge of a test bench, and are asked to extend the trunk upward against manual
resistance applied by the experimenters.

From the normalized EMG signals, two metrics are extracted to estimate the mean
and the peak activation of the back muscles: the root mean square (RMS) and the 90th
percentile values. The RMS value of the EMG signal allows for evaluating the effect
of the exoskeleton use in reducing the average muscle activation throughout the whole
execution of a task and to assess the cumulative loads on the low back. The 90th percentile
(chosen instead of the peak value because it is more robust to outliers [51]) captures the
exoskeleton ability to reduce the maximum muscle activation and, thus, the peak low
back loads. Evaluating these two metrics provides a complete insight into the changes in
spinal muscles activation induced by the exoskeleton assistance. From the risk perspective,
mean activation is associated with cumulative fatigue, which increases musculoskeletal
injury probability [52], while peak activation is associated with traumatic damages in the
vertebral discs, which can lead to spinal degeneration and pain [53].

The RMS and the 90th percentile muscle activities (i.e., the dependent variables) are
statistically tested using three-way repeated measures ANOVA to study the effects of the
multiple factors (i.e., the independent variables): assistance mode (n0-exo and exo), pulling
height (waist and shoulder), box weight (10 and 20 kg), and their interactions. To perform
ANOVA analysis, the normality of the distributions of the dependent variables was tested
with the Kolmogorov—-Smirnov test (at the 5% significance level). Moreover, because of
the large inter-subject variability we expect from the EMG signals, we decide to focus
on the analysis of intra-subject variability [22]. The ratios p; between the test and the
control assistance modes (i.e., exo against no-exo) are calculated separately for each subject
i and then compared with the results obtained for the other subjects. The vector p is the
population of the ratios and is the vector collecting each p; for subjecti = 1,2, ..., N. For the
two EMG metrics and for the subject i, p; is calculated as:

EMG

= EMG;’IU—EXO (2)

Pi
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A value of p; < 1 implies that, for subject i, the exoskeleton produces a (1 — p;)%
reduction of the analyzed metric with respect to the no-exo assistance mode. In contrast,
pi > 1indicates an increase of (p; — 1)% with respect to the no-exo assistance mode. The
number of subjects for which p; < 1is indicated as y~, while the number of subjects for
which p; > 1isy*.

Subjective measures are assessed with a user’s impression questionnaire using a
visual-analog scale (VAS), as it is considered to reduce the confounding effect of variation
between subjects’ interpretations of numerical rating scales [54]. After the execution of
all the tasks in the exo assistance mode, the participant is asked to indicate the perceived
physical and mental load. Questions q1-q4 concern the physical load, while questions q5
and g6 the mental load:

(q1) The level of assistance is too high.

(g2) I had to work against the assistance to accomplish my task.

(g3) I feel the exoskeleton helps me to perform the task.

(q4) I feel that the exoskeleton assistance is comfortable during the execution of the task.
(g5) I find it easy and intuitive to operate the exoskeleton.

(g6) I feel that my work performance is lower when using the exoskeleton (e.g., I
work slower).

This questionnaire is presented on paper and the participants score each question
placing a cross on the VAS scale, rating from “strongly disagree” to “strongly agree”.

Furthermore, the NASA-TLX (Task Load Index) questionnaire [55] for assessing the
work load is presented to participants after the end of each assistance mode, i.e., no-exo
and exo. This questionnaire, which assesses the mental, physical, and temporal demands,
performance, effort, and frustration associated with the execution of the task, also employs
a non-numerical rating scale. A paired t-test is performed to test if the means of the
two normally distributed variables (i.e., the two observations per subject) differ from one
another because of the independent variable (i.e., the assistance mode: no-exo and exo).

3. Results
3.1. Muscle Activity

Three-way repeated measures ANOVA test reports no significant results for both the
RMS and the 90th percentile back muscle activity. The reason for the lack of statistical
significance is probably due to the large inter-subject variability of EMG signals (even after
MVC normalization). As an example, 90th percentile muscle activity values for pulling
the 20 kg box at shoulder level without the exoskeleton are 40% and 7% MVC for subjects
1 and 6, respectively.

Therefore, the following analysis focuses on intra-subject variability, by computing
the ratio between exo and no-exo values of the selected metric for each subject (as defined
in Equation (2)), and then comparing with the ratios obtained for the other subjects. The
population distribution of the ratios p for RMS and 90th percentile spinal muscle activity are
displayed in Figure 3, represented via boxplots. On each box (one box for each combination
of pulling height and box weight), the central line is the median value, the edges of
the box are the 25th and 75th percentiles, the whiskers extend to the most extreme data
points considered to be not outliers, and the outliers are plotted individually. Statistically
significant differences between ratios p and distribution of ones were found only for some
conditions (indicated with # in Figure 3). In Tables 1 and 2, the numbers of ¢y~ and
T (i.e., number of subjects v~ for which the exoskeleton use results in reduced muscle
activity (p; < 1) and number of subjects 7" for which the exoskeleton use results in
increased muscle activity (po; > 1)) are reported for the two metrics separately and for each
combination of pulling height and box weight. Back muscle activity reductions associated
with the exoskeleton use were found for the majority of the subjects, as observable in
Figure 3 and Tables 1 and 2. Overall, using the exoskeleton leads to reductions of RMS and
90th percentile activity in the range of 25-38% and 21-37%, respectively (Figure 3). These
reductions appear more limited for the task executed at shoulder height with the 20 kg box.
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As regards the number of subjects for which the exoskeleton use results in reduced muscle
activity, pulling the 10 kg box at both waist and shoulder heights with the exo assistance
results in reductions of RMS back muscle activity for 9 subjects out of 10, and in reductions
of 90th percentile muscle activity for 8 subjects. The exoskeleton use reduces RMS and
90th percentile muscle activity for eight and seven subjects, respectively, when executing
the pulling task of the 20 kg box at waist height. As previously observed in Figure 3, also
Tables 1 and 2 report for the pulling task executed at shoulder height with the 20 kg box
the lower muscle activity reductions, which are obtained for 6 subjects out of 10.

Lumbar activity - RMS

1.8 # # N

-
(o]
T
I

o
o ]
T
I

p exo/no-exo

o
[}
T
I

0.2 —— i

L L L L
waist 10kg waist 20kg shoulder 10kg shoulder 20kg

Lumbar activity - 90t percentile
T +

1.8 # N

1.6

1.2

-
EN
T
I

-
T

p exo/no-exo

o
[e9)
T
I

0.4 —_ PR R

02k ——

Il Il Il
waist 10kg waist 20kg shoulder 10kg shoulder 20kg

Figure 3. The population distribution of the ratios p for RMS and 90th percentile spinal muscle
activity are represented via boxplots. On each boxplot (one box for each combination of pulling
height and box weight), the central line is the median value, the edges of the box are the 25th and
75th percentiles, the whiskers extend to the most extreme data points considered to be not outliers,
and the outliers are plotted individually. The green areas indicate the regions where p < 1 (i.e., exo
assistance results in a (1 — p;)% reduction of the muscle activity with respect to the no-exo assistance
mode). # indicates a statistically significant difference with a distribution of ones.

As regards the assistance provided by the exoskeleton, the maximum torque values
averaged between participants (with standard deviation) are 24 (£7), 27 (£5), 24 (£6),
and 26 (£5) Nm, respectively, for the four conditions, i.e., pulling at waist height 10 kg,
waist height 20 kg, shoulder height 10 kg, and shoulder height 20 kg. In these four
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conditions, the mean torques averaged between participants are 16 (£5), 20 (+4), 16 (£4),
and 19 (+4) Nm, respectively.

Table 1. Number of subjects v~ for which the exoskeleton use results in a reduced RMS muscle
activation (p; < 1) and number of subjects v for which the exoskeleton use results in an increased
mean muscle activation (p; > 1), for each combination of pulling height (waist and shoulder) and box
weight (10 and 20 kg).

Waist 10 kg Waist 20 kg Shoulder 10 kg Shoulder 20 kg
7~ 9 8 9 6
yt 1 2 1 4

Table 2. Number of subjects v~ for which the exoskeleton use results in a reduced 90th percentile
muscle activation (p; < 1) and number of subjects ¢+ for which the exoskeleton use results in an
increased peak muscle activation (p; > 1), for each combination of pulling height (waist and shoulder)
and box weight (10 and 20 kg).

Waist 10 kg Waist 20 kg Shoulder 10 kg Shoulder 20 kg
Y- 8 7 8 6
pt 2 3 2 4

3.2. Subjective Measurements

The results of the subjective measures are presented in Figures 4 and 5.

10 Subjective Questionnaire

gl O with exo | —_— |
1
1
1

L

—

O 1 1 1 1 1 1
at a2 a3 a4 as a6

Figure 4. Boxplots of the user’s impression questionnaire regarding the physical and mental load
perceived by participants when executing the task in the exo assistance mode. The red lines represent
the sample median, the distances between the tops and bottoms are the interquartile ranges. Whiskers
show the min and max values. 0 = strongly disagree, 10 = strongly agree.

Subjective measures assessed with the user’s impression questionnaire using the VAS
scale are reported in Figure 4. The questions asked participants about their physical and
mental load when using the exoskeleton. The results reported in Figure 4 are resized on a
scale ranging from 0 (strongly disagree) to 10 (strongly agree). The assistance provided
by the exoskeleton, addressed by q1-q4, is rated as not too high (ql) or opposed to their
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movement (q2) by most of the subjects. Moreover, using the exoskeleton is perceived
by users as helpful for performing the task (q3) and comfortable in use (q4). Overall,
participants found the use of the exoskeleton with the designed assistance to be easy and
intuitive (q5). Finally, slight evidence of a slowdown (reduced working speed) associated
with the exoskeleton use is observed (q6).

The results of the NASA-TLX questionnaire are reported in Figure 5. A paired t-test
is performed to test if the means of the two normally distributed variables (i.e., the two
observations per subject) differ from one another because of the independent variable (i.e.,
no-exo and exo). A statistical significance between the observations was not found. The
results of the NASA-TLX test report normally distributed scores that appear to be quite
similar between the no-exo and exo assistance (Figure 5). In particular, the mean of the
physical demand decreases with the exoskeleton, although this difference is low and is not
significant. On the contrary, the mental and temporal demands, as well as the performance,
effort, and frustration do not appear to be affected by the exoskeleton use.

NASA Task Load Index
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Figure 5. Boxplots of the work load assessed with the NASA-TLX questionnaire for the no-exo and
exo assistance modes. The red lines represent the sample median, the distances between the tops and
bottoms are the interquartile ranges. Whiskers show the min and max values. 0 = very low, 10 = very
high. For the performance index, 0 = perfect, 10 = failure.

4. Discussion

A back-support exoskeleton control strategy designed to assist pulling aims at re-
ducing the activity of erector spinae muscles to decrease their contribution to lumbar
compression, as occurs when assisting static bending and lifting and lowering tasks. In this
work, a pulling strategy, implemented on the XoTrunk exoskeleton, is evaluated focusing
on the effects of the exoskeleton assistance on the users’ back muscle activity. Furthermore,
subjective measurements are collected, to include in the evaluation the users’ perceived
comfort and their impressions about the assistance. To the authors” knowledge, in fact,
this work represents the first attempt at assessing the effects of assistance provided during
pulling tasks while using a back-support exoskeleton. At this stage of the control design
process, we believe that outcomes of the subjective assessment may be particularly helpful
to guide the next steps.

4.1. Effects of the Assistance on Muscle Activity and Subjective Measurements

As regards muscle activity, the choice of analyzing the ratios between exo and no-exo
values of the two metrics was made because of the large variability of the EMG signals
between subjects, even after MVC normalization. Different sources may have contributed to
introducing the large variability observed between subjects, as the task execution technique
or participants’ ability to generate the maximum muscle contraction during isometric
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exertion tasks (MVC acquisition). Analyzing RMS and 90th percentile ratios of the EMG
means that the effects of the assistance are evaluated on each subject separately and then
compared with the results of the other subjects. The overall outcomes result in reductions
of the RMS and the 90th percentile muscle activity ranging between 21% and 38%. These
reductions, however, vary between subjects, and for some participants are negative (i.e.,
p > 1 which means that for 4+ subjects the use of the exoskeleton results in an increase of
the back muscle activity).

Differences in the reductions are visible between the two different payloads, specifi-
cally greater reductions occur for tasks executed with the 10 kg box. In fact, for the lighter
load, reductions of the median values ranging between 28% and 38% are associated with
the exoskeleton use, while, for the heavier load, these reductions range between 21% and
28% (median values of the boxplots displayed in Figure 3). Likewise, the number of subjects
v~ for which the exoskeleton use has a beneficial effect on muscle activity (o; < 1) is higher
for the lighter load than for the heavier one (¢~ for both waist and shoulder height, as
indicated in Tables 1 and 2). For the payloads, the weight of 20 kg was chosen based on the
recommended psychophysical studies of Snook and Ciriello [43], while 10 kg was chosen
to investigate below this limit [30]. As found in previous studies [30,35], increasing the
load results in increased muscle activation. However, the statistical test of the RMS and the
90th percentile EMG did not find a significant effect of the weight, probably because of the
large variability of muscle activity between subjects.

In this preliminary evaluation study, the second hypothesis tested is whether the
assistance provided by the exoskeleton for assisting the task is positively experienced by
users. To test this hypothesis, subjective measures are assessed with an ad-hoc user’s
impression questionnaire, which tests the physical and mental loads associated with the
exoskeleton use, and the NASA-TLX questionnaire, which compares the work load with
and without the exoskeleton. Overall, the use of the exoskeleton does not significantly
modify the physical and mental workloads experienced by the participants. Indeed, to
obtain statistically significant results of subjective measures, a larger number of participants
is required. In this respect, this study was devised as a formative evaluation for judging the
validity of the questionnaires proposed. As the distributions of the answers are normally
distributed (Kolmogorov-Smirnov test), these questionnaires can be considered to be valid
for this evaluation study and should be further investigated involving more participants.
Future works will also involve the assessment of any negative side effect that the use of the
exoskeleton may produce in this specific case (e.g., increased leg-muscle activity).

4.2. Practical Implications

The main advantage of the present work is that the designed assistance has beneficial
effects on users performing a simplified double-handed pulling task in a laboratory setting.
Indeed, as already said, the execution of pulling tasks is becoming increasingly common in
the workplace, and it is associated with a high risk of developing MSDs and LBP, like other
MMH tasks as lifting, static bending, or carrying [10].

Furthermore, the designed assistance was implemented on an active exoskeleton that
has the possibility to implement and interchangeably use multiple control strategies. As
a result, the same device can assist the different MMH tasks that workers may perform
every day during their work shift. Previous studies have shown the beneficial effects of
this exoskeleton on assisting lifting and lowering tasks [14,33], as well as carrying [22]. By
adding this new control strategy (mid-level control) and taking advantage of the ability to
recognize which MMH activity the user is performing (high-level control), the exoskeleton
will be able to support the execution of complex tasks performed in the workplace. Indeed,
as an example, load picking in a warehouse may require walking, lifting, carrying of boxes,
and pulling or pushing of carts. For each of these activities, specific control strategies
should be designed. The strategy proposed in this work for assisting pulling contributes
to enhancing the versatility of active back-support exoskeletons as it can be implemented
on similar (active) devices such as the commercial systems HAL [56], Cray X [57], and
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H-WEX [58]. The Myo armband, needed for implementing the strategy, is an inexpensive
and easy to use device that is particularly convenient for actual use in the workplace: it is
powered by built-in batteries, uses wireless communication to send out data, is not invasive
or uncomfortable to wear, and uses dry electrodes, which require no skin preparation nor
pre-gelled disposable electrodes.

Finally, assisting the users while they are performing pulling tasks is required to
mitigate the risk associated with its execution in the workplace. Indeed, compared to
lifting, no guidelines have been rigorously and specifically defined to mitigate the biome-
chanical load (and thus the risk) for the execution of pulling. For lifting, the NIOSH lifting
equation [59] is used to calculate a recommended weight limit (RWL), according to the
task execution conditions (e.g., the horizontal and vertical location of the object relative
to the body, the vertical distance, the frequency and the duration of the activity). The
RWL is the maximum acceptable weight that nearly all healthy employees could lift over
the course of an 8-hour shift without increasing the risk of developing MSDs at the back.
The lifting equation is based on the limits of 3400 N for the compression force, and the
computation of a RWL is possible because, for lifting, we have a straightforward relation
between the weight and position of the lifted object and the associated compression force
on the low back [3]. By contrast, in pulling exertions, this calculation cannot be used
because it is impossible to assess the size and direction of the external forces even if the
weight of the handled object is known [3]. As a result, the recommendations defined for
pulling are based on psychophysically determined limits [43] that may not correspond to
the biomechanical tolerance of the lumbar spine. In fact, prior literature has shown little
association between spinal loads and psychophysically determined maximum acceptable
forces [28,60,61]. Recently, new recommended limits have been suggested by Weston [28],
based on the low back loads, which are more conservative than the prior psychophysical
limits established by Snook and Ciriello [43]. However, these limits also consider measures
that are generally not acquired in the workplace (i.e., hand forces) and are difficult to
translate into practical safe task conditions (e.g., weight limits, subject’s posture during the
pulling exertion). Considering this, the possibility to assist workers during the execution of
pulling tasks with an exoskeleton that can reduce the related lumbar load is central, even if
a higher risk is still associated with the execution of lifting activities [10]. As stated before,
in real scenarios, it is more difficult to mitigate the biomechanical risk correlated to pulling
compared with lifting, for which strict guidelines and restrictions have been introduced in
the workplaces.

4.3. Limitations

Considering its implementation, the main limitation of the pulling strategy is that
the assistance should be manually triggered by an external button. In this preliminary
evaluation, we decide to give to the experimenter the responsibility to trigger the assistance.
However, for real scenario applications, users should have direct access to the trigger
command. Therefore, the button should be easily accessible to the user; as an example, it
could be embedded into the tool the user uses for pulling or into ad-hoc gloves. Otherwise,
a more efficient way to trigger the assistance could be obtained by implementing into the
high-level control of the exoskeleton the ability to recognize when the user is executing a
pulling task.

Moreover, for this preliminary evaluation, we kept fixed the value of the gain K, for
all the subjects. However, personalized and thus more effective assistance may be obtained
with subject-specific gains. In particular, the gain can be selected to adjust the assistance to
subjects’ individual preferences (e.g., comfort and perceived pressure), body characteristics,
and task conditions (e.g., the weight of the pulled object). Additional assistance may
also be required to support users because of the adopted posture. For instance, the trunk
motion during the execution of pulling tasks while wearing the exoskeleton can be further
characterized to modulate the assistance accordingly [62].
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A further limitation is the magnitude of the torque provided by the exoskeleton
controlled with the pulling strategy, as defined in Equation (1). In particular, the modulation
of the torque is obtained based on the activation of the user’s forearm muscles, which is
considered to be an indication of grip strength. As a consequence, an increase in the torque
commanded by the control strategy is expected according to an increase in the pulled
weight. However, the increase of the assistive torque with the weight is limited (maximum
torque from 24 (£7) to 27 (£5) Nm, and from 24 (£6) to 26 (£5) Nm, respectively, for
waist height 10 kg and 20 kg, and shoulder height 10 kg and 20 kg). Moreover, the
maximum torques provided to the participants were in all cases below the maximum
possible torque (40 Nm) that the exoskeleton can provide. Increasing the torque provided
might be particularly useful for the 20 kg pulls.

5. Conclusions

It emerges from the biomechanical analysis that the execution of pulling activities
exposes workers to large lumbar loads that increase the risk of LBP and back-related MSDs.
This work represents a first attempt at assisting pulling tasks with a versatile back-support
exoskeleton: an active device, originally designed for assisting lifting and lowering tasks
that, thanks to its electrical actuators, can design control strategies for each different task.
Therefore, we introduced a new control strategy that modulates the assistive torques
according to the users’ forearm muscle activity, which is considered to be an indication of
grip strength; this assistance is triggered once a button is pressed.

The control strategy was experimentally evaluated in a laboratory environment. Ten
healthy male subjects performed a total of eight double-handled pull tasks, for each
combination of box weights (10 and 20 kg) and heights (waist and shoulder), and in two
conditions: one without the exoskeleton and one with the exoskeleton controlled with the
pulling strategy. We measured the activity of the spinal muscles and, after task execution,
the user’s subjective impression and perceived effort were assessed through questionnaires.

Reductions of the muscle activity associated with the exoskeleton use range between
21% and 38% with respect to no-exo condition. Moreover, while for some participants the
exoskeleton use results in an increased muscle activation, the number of subjects for which
the exoskeleton has a beneficial effect is much higher in all the conditions. In particular,
the assistance appears more effective for the tasks executed with the lighter load, probably
because the assistive torques were less helpful for the heavier mass. Overall, objective
measurements, in terms of users’” back muscle activity reductions, prove the promising
benefit of the designed assistance and indicate where improvements are needed for future
works. Subjective measurements, assessed with questionnaires, show that the assistance
was positively experienced by users, with advantages in terms of support for performing
the task, comfort, ease of use, and intuitiveness.

The main contribution of the present work is that it enhances active back-support
exoskeletons versatility to the new area of object pushing/pulling. This can be achieved
thanks to the ability to modulate the assistance by means of control strategies. This work
provides a first attempt at assisting pulling tasks that has an important impact in the
workplace in terms of the number of pulling activities workers perform every day and
related risk of injury.

Author Contributions: Conceptualization, M.L., S.T. and J.O.; methodology, M.L., T.P.,, M.S., S.T. and
J.O.; software, M.L., T.P, M.S. and S.T.; formal analysis, M.L. and T.P.; investigation, M.L., T.P. and
M.S.; data curation, C.D.N. and ].O.; writing—original draft preparation, M.L., T.P, M.S., S.T. and
J.O.; writing—review and editing, M.L., T.P,, M.S,, S.T., D.G.C. and J.O.; supervision, D.G.C. and
J.O.; project administration, D.G.C., C.D.N. and ]J.O.; funding acquisition, D.G.C., C.D.N. and ].O.
All authors have read and agreed to the published version of the manuscript.

Funding: This research is funded by the Italian Workers” Compensation Authority (INAIL), by
Istituto Italiano di Tecnologia (IIT) within the project Sistemi Cibernetici Collaborativi (SCC), and by
the STREAM project funded by Shift2Rail Joint Undertaking, established under the European Union’s
Horizon 2020 Framework Program for Research and Innovation, under grant agreement No. 101015418.



Designs 2021, 5, 39 14 of 16

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of Liguria (protocol reference
number: CER Liguria 001/2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, M.L., upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Argubi-Wollesen, A.; Wollesen, B.; Leitner, M.; Mattes, K. Human body mechanics of pushing and pulling: Analyzing the factors
of task-related strain on the musculoskeletal system. Saf. Health Work 2017, 8, 11-18. [CrossRef]

2. Kumar, S. Upper body push-pull strength of normal young adults in sagittal plane at three heights. Int. J. Ind. Ergon. 1995,
15, 427-436. [CrossRef]

3. Schibye, B.; Segaard, K.; Martinsen, D.; Klausen, K. Mechanical load on the low back and shoulders during pushing and pulling
of two-wheeled waste containers compared with lifting and carrying of bags and bins. Clin. Biomech. 2001, 16, 549-559. [CrossRef]

4. Marras, W.S,; Lavender, S.A.; Leurgans, S.E.; Fathallah, FA.; Ferguson, S.A.; Gary Allread, W.; Rajulu, S.L. Biomechanical risk
factors for occupationally related low back disorders. Ergonomics 1995, 38, 377—410. [CrossRef]

5. Marras, W.S,; Granata, K.P; Davis, K.G.; Allread, W.G.; Jorgensen, M.]. Spine loading and probability of low back disorder risk as
a function of box location on a pallet. Hum. Factors Ergon. Manuf. Serv. Ind. 1997, 7, 323-336. [CrossRef]

6. Plouvier, S.; Renahy, E.; Chastang, J.; Bonenfant, S.; Leclerc, A. Biomechanical strains and low back disorders: Quantifying the
effects of the number of years of exposure on various types of pain. Occup. Environ. Med. 2008, 65, 268-274. [CrossRef] [PubMed]

7. Yip, V.Y.B. New low back pain in nurses: Work activities, work stress and sedentary lifestyle. J. Adv. Nurs. 2004, 46, 430—440.
[CrossRef]

8.  Klein, B.P; Jensen, R.C.; Sanderson, L.M. Assessment of workers’ compensation claims for back strains/sprains. J. Occup. Environ.
Med. 1984, 26, 443-448. [CrossRef]

9. Hoozemans, M.].M.; van Der Beek, A.].; Fringsdresen, M.H.W.; van Dijk, FJ.H.; van der Woude, L.H.V. Pushing and pulling in
relation to musculoskeletal disorders: A review of risk factors. Ergonomics 1998, 41, 757-781. [CrossRef]

10. The National Institute for Occupational Safety and Health (NIOSH). Engineering Controls Database. Available online:
https:/ /www.cdc.gov/niosh/engcontrols/ecd /detail25.html (accessed on 16 November 2018).

11. de Looze, M.P,; Bosch, T.; Krause, F.; Stadler, K.S.; O’Sullivan, L.W. Exoskeletons for industrial application and their potential
effects on physical work load. Ergonomics 2016, 59, 671-681. [CrossRef]

12.  Toxiri, S.; Naf, M.B.; Lazzaroni, M.; Fernandez, J.; Sposito, M.; Poliero, T.; Monica, L.; Anastasi, S.; Caldwell, D.G.; Ortiz, J.
Back-Support Exoskeletons for Occupational Use: An Overview of Technological Advances and Trends. IISE Trans. Occup. Ergon.
Hum. Factors 2019, 7, 237-249. [CrossRef]

13. Kermavnar, T.; de Vries, A.W.; de Looze, M.P,; O’Sullivan, L.W. Effects of industrial back-support exoskeletons on body loading
and user experience: An updated systematic review. Ergonomics 2020, 64, 685-711. [CrossRef]

14. Lazzaroni, M.; Tabasi, A.; Toxiri, S.; Caldwell, D.G.; De Momi, E.; Dijk, W.; de Looze, M.P,; Kingma, I.; van Dieén, J.H.; Ortiz,
J. Evaluation of an acceleration-based assistive strategy to control a back-support exoskeleton for manual material handling.
Wearable Technol. 2020, 1, €9. [CrossRef]

15. Koopman, A.S.; Nif, M.; Baltrusch, S.J.; Kingma, I.; Rodriguez-Guerrero, C.; Babi¢, J.; de Looze, M.P,; van Dieén, ].H. Biomechani-
cal evaluation of a new passive back support exoskeleton. J. Biomech. 2020, 105, 109795. [CrossRef]

16. Koopman, A.S.; Toxiri, S.; Power, V.; Kingma, I.; van Dieén, ].H.; Ortiz, J.; de Looze, M.P. The effect of control strategies for an
active back-support exoskeleton on spine loading and kinematics during lifting. J. Biomech. 2019, 91, 14-22. [CrossRef]

17.  Alemi, M.M,; Geissinger, J.; Simon, A.A.; Chang, S.E.; Asbeck, A.T. A passive exoskeleton reduces peak and mean EMG during
symmetric and asymmetric lifting. J. Electromyogr. Kinesiol. 2019, 47, 25-34. [CrossRef]

18. Baltrusch, S.J.; van Dieén, J.H.; van Bennekom, C.A.M.; Houdijk, H. The effect of a passive trunk exoskeleton on functional
performance in healthy individuals. Appl. Ergon. 2018, 72, 94-106. [CrossRef]

19. Kazerooni, H.; Tung, W.; Pillai, M. Evaluation of Trunk-Supporting Exoskeleton. In Proceedings of the Human Factors and Ergonomics
Society Annual Meeting; SAGE Publications Sage CA: Los Angeles, CA, 2019; Volume 63, pp. 1080-1083.

20. Lamers, E.P; Yang, A.].; Zelik, K.E. Feasibility of a biomechanically-assistive garment to reduce low back loading during leaning
and lifting. IEEE Trans. Biomed. Eng. 2017, 65, 1674-1680. [PubMed]

21. Naf, M.B.,; Koopman, A.S.; Baltrusch, S.; Rodriguez-Guerrero, C.; Vanderborght, B.; Lefeber, D. Passive back support exoskeleton
improves range of motion using flexible beams. Front. Robot. AI 2018, 5, 72. [CrossRef]

22. Poliero, T.; Lazzaroni, M.; Toxiri, S.; Di Natali, C.; Caldwell, D.G.; Ortiz, J. Applicability of an active back-support exoskeleton to

carrying activities. Front. Robot. Al 2020, 7, 157. [CrossRef]


http://doi.org/10.1016/j.shaw.2016.07.003
http://dx.doi.org/10.1016/0169-8141(94)00062-8
http://dx.doi.org/10.1016/S0268-0033(01)00039-0
http://dx.doi.org/10.1080/00140139508925111
http://dx.doi.org/10.1002/(SICI)1520-6564(199723)7:4<323::AID-HFM4>3.0.CO;2-5
http://dx.doi.org/10.1136/oem.2007.036095
http://www.ncbi.nlm.nih.gov/pubmed/17928384
http://dx.doi.org/10.1111/j.1365-2648.2004.03009.x
http://dx.doi.org/10.1097/00043764-198406000-00017
http://dx.doi.org/10.1080/001401398186621
https://www.cdc.gov/niosh/engcontrols/ecd/detail25.html
http://dx.doi.org/10.1080/00140139.2015.1081988
http://dx.doi.org/10.1080/24725838.2019.1626303
http://dx.doi.org/10.1080/00140139.2020.1870162
http://dx.doi.org/10.1017/wtc.2020.8
http://dx.doi.org/10.1016/j.jbiomech.2020.109795
http://dx.doi.org/10.1016/j.jbiomech.2019.04.044
http://dx.doi.org/10.1016/j.jelekin.2019.05.003
http://dx.doi.org/10.1016/j.apergo.2018.04.007
http://www.ncbi.nlm.nih.gov/pubmed/28991732
http://dx.doi.org/10.3389/frobt.2018.00072
http://dx.doi.org/10.3389/frobt.2020.579963

Designs 2021, 5, 39 15 of 16

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Poliero, T.; Mancini, L.; Caldwell, D.G.; Ortiz, ]. Enhancing Back-Support Exoskeleton Versatility based on Human Activity
Recognition. In Proceedings of the 2019 Wearable Robotics Association Conference (WearRAcon), Scottsdale, AZ, USA,
26-28 March 2019; pp. 86-91.

de Looze, M.P.;; van Greuningen, K.; Rebel, J.; Kingma, I.; Kuijer, PP.EM. Force direction and physical load in dynamic pushing
and pulling. Ergonomics 2000, 43, 377-390. [CrossRef]

de Looze, M.P; Stassen, A.R.A.; Markslag, A.M.T.; Borst, M.].; Wooning, M.M.; Toussaint, H.M. Mechanical loading on the low
back in three methods of refuse collecting. Ergonomics 1995, 38, 1993-2006. [CrossRef] [PubMed]

Lee, K.S.; Chaffin, D.B.; Herrin, G.D.; Waikar, A.M. Effect of handle height on lower-back loading in cart pushing and pulling.
Appl. Ergon. 1991, 22, 117-123. [CrossRef]

Hoozemans, M.].M.; Kuijer, PP.EM.; Kingma, I.; van Dieén, ] H.; de Vries, WH.K,; van der Woude, L.H.V.; Veeger, D.].;
van der Beek, A.].; Frings-Dresen, M.H.W. Mechanical loading of the low back and shoulders during pushing and pulling
activities. Ergonomics 2004, 47, 1-18. [CrossRef] [PubMed]

Weston, E.B.; Aurand, A.; Dufour, J.S.; Knapik, G.G.; Marras, W.S. Biomechanically determined hand force limits protecting the
low back during occupational pushing and pulling tasks. Ergonomics 2018, 61, 853-865. [CrossRef] [PubMed]

Jager, M.; Sawatzki, K.; Glitsch, U.; Ellegast, R.; Ottersbach, H.J.; Schaub, K.; Franz, G.; Luttmann, A. Load on the lumbar spine of
flight attendants during pushing and pulling trolleys aboard aircraft. Int. J. Ind. Ergon. 2007, 37, 863-876. [CrossRef]

Lett, K.K.; McGill, S.M. Pushing and pulling: Personal mechanics influence spine loads. Ergonomics 2006, 49, 895-908. [CrossRef]
Division of Biomedical, and Behavioral Science; National Institute for Occupational Safety and Health. Work Practices Guide for
Manual Lifting; Technical Paper No. 81-122; Division of Biomedical, and Behavioral Science: Washington, DC, USA, 1981.
McGill, S.M. Low Back Disorders: Evidence-Based Prevention and Rehabilitation; Human Kinetics: Champaign, IL, USA, 2015.
Toxiri, S.; Koopman, A.S.; Lazzaroni, M.; Ortiz, J.; Power, V.; de Looze, M.P.; O’Sullivan, L.W.; Caldwell, D.G. Rationale,
Implementation and Evaluation of Assistive Strategies for an Active Back-Support Exoskeleton. Front. Robot. Al 2018, 5, 53.
[CrossRef]

Kingma, I.; Bosch, T.; Bruins, L.; Van Dieén, ].H. Foot positioning instruction, initial vertical load position and lifting technique:
Effects on low back loading. Ergonomics 2004, 47, 1365-1385. [CrossRef]

Bennett, A.L; Todd, A.L; Desai, S.D. Pushing and pulling, technique and load effects: An electromyographical study. Work 2011,
38,291-299. [CrossRef]

Kao, H.C.; Lin, C.J; Lee, Y.H.; Chen, S.H. The effects of direction of exertion, path, and load placement in nursing cart pushing
and pulling tasks: An electromyographical study. PLoS ONE 2015, 10, e0140792. [CrossRef] [PubMed]

Chen, S.H.; Lee, Y.H.; Lin, C.J. Effects of load position and force direction on back muscle loading in one-wheeled wheelbarrow
tasks. Work 2015, 51, 113-119. [CrossRef]

Sjegaard, G.; Kiens, B.; Jorgensen, K.; Saltin, B. Intramuscular pressure, EMG and blood flow during low-level prolonged static
contraction in man. Acta Physiol. Scand. 1986, 128, 475-484. [CrossRef]

Jonsson, B. The static load component in muscle work. Eur. |. Appl. Physiol. Occup. Physiol. 1988, 57, 305-310. [CrossRef]
Rohmert, W. Problems of determination of rest allowances Part 2: Determining rest allowances in different human tasks. Appl.
Ergon. 1973, 4, 158-162. [CrossRef]

Song, Y.W.; Chung, M.K. Quantitative assessment of trunk muscle coactivation in sub-maximal isometric exertion tasks. Int. J.
Ind. Ergon. 2004, 34, 13-20. [CrossRef]

Sposito, M.; Di Natali, C.; Toxiri, S.; Caldwell, D.G.; De Momi, E.; Ortiz, J. Exoskeleton kinematic design robustness: An
assessment method to account for human variability. Wearable Technol. 2020, 1. [CrossRef]

Snook, S.H.; Ciriello, V.M. The design of manual handling tasks: Revised tables of maximum acceptable weights and forces.
Ergonomics 1991, 34, 1197-1213. [CrossRef]

Di Natali, C.; Chini, G.; Toxiri, S.; Monica, L.; Anastasi, S.; Draicchio, F.; Caldwell, D.G; Ortiz, J. Equivalent Weight: Connecting
Exoskeleton Effectiveness with Ergonomic Risk during Manual Material Handling. Int. |. Environ. Res. Public Health 2021,
18,2677. [CrossRef]

Stegeman, D.; Hermens, H. Standards for surface electromyography: The European project Surface EMG for non-invasive
assessment of muscles (SENIAM). Enschede Roessingh Res. Dev. 2007, 108-112.

Drake, ].D.M,; Callaghan, J.P. Elimination of electrocardiogram contamination from electromyogram signals: An evaluation of
currently used removal techniques. |. Electromyogr. Kinesiol. 2006, 16, 175-187. [CrossRef]

Potvin, ].R.; Norman, RW.; McGill, S.M. Mechanically corrected EMG for the continuous estimation of erector spinae muscle
loading during repetitive lifting. Eur. J. Appl. Physiol. Occup. Physiol. 1996, 74, 119-132. [CrossRef] [PubMed]

Halaki, M.; Ginn, K. Normalization of EMG signals: To normalize or not to normalize and what to normalize to? In Computational
Intelligence in Electromyography Analysis—A Perspective on Current Applications and Future Challenges; IntechOpen: London, UK,
2012.

McGill, S.M. Electromyographic activity of the abdominal and low back musculature during the generation of isometric and
dynamic axial trunk torque: implications for lumbar mechanics. J. Orthop. Res. 1991, 9, 91-103. [CrossRef]

Vera-Garcia, FJ.; Moreside, ].M.; McGill, S.M. MVC techniques to normalize trunk muscle EMG in healthy women. ]. Electromyogr.
Kinesiol. 2010, 20, 10-16. [CrossRef] [PubMed]


http://dx.doi.org/10.1080/001401300184477
http://dx.doi.org/10.1080/00140139508925246
http://www.ncbi.nlm.nih.gov/pubmed/7588581
http://dx.doi.org/10.1016/0003-6870(91)90310-E
http://dx.doi.org/10.1080/00140130310001593577
http://www.ncbi.nlm.nih.gov/pubmed/14660215
http://dx.doi.org/10.1080/00140139.2017.1417643
http://www.ncbi.nlm.nih.gov/pubmed/29241415
http://dx.doi.org/10.1016/j.ergon.2007.07.010
http://dx.doi.org/10.1080/00140130600665869
http://dx.doi.org/10.3389/frobt.2018.00053
http://dx.doi.org/10.1080/00140130410001714742
http://dx.doi.org/10.3233/WOR-2011-1132
http://dx.doi.org/10.1371/journal.pone.0140792
http://www.ncbi.nlm.nih.gov/pubmed/26485039
http://dx.doi.org/10.3233/WOR-141841
http://dx.doi.org/10.1111/j.1748-1716.1986.tb08002.x
http://dx.doi.org/10.1007/BF00635988
http://dx.doi.org/10.1016/0003-6870(73)90166-X
http://dx.doi.org/10.1016/j.ergon.2004.01.004
http://dx.doi.org/10.1017/wtc.2020.7
http://dx.doi.org/10.1080/00140139108964855
http://dx.doi.org/10.3390/ijerph18052677
http://dx.doi.org/10.1016/j.jelekin.2005.07.003
http://dx.doi.org/10.1007/BF00376504
http://www.ncbi.nlm.nih.gov/pubmed/8891510
http://dx.doi.org/10.1002/jor.1100090112
http://dx.doi.org/10.1016/j.jelekin.2009.03.010
http://www.ncbi.nlm.nih.gov/pubmed/19394867

Designs 2021, 5, 39 16 of 16

51.

52.

53.
54.

55.

56.

57.
58.

59.

60.

61.

62.

Jonsson, B. Measurement and evaluation of local muscular strain in the shoulder during constrained work. J. Hum. Ergol. 1982,
11,73-88.

Brereton, L.C.; McGill, S.M. Effects of physical fatigue and cognitive challenges on the potential for low back injury. Hum. Mov.
Sci. 1999, 18, 839-857. [CrossRef]

Adams, M.A; Dolan, P. Spine biomechanics. J. Biomech. 2005, 38, 1972-1983. [CrossRef]

Kersten, P; Kiiglikdeveci, A.A.; Tennant, A. The use of the Visual Analogue Scale (VAS) in rehabilitation outcomes. J. Rehabil.
Med. 2012, 44, 609. [CrossRef]

Hart, S.G.; Staveland, L.E. Development of NASA-TLX (Task Load Index): Results of empirical and theoretical research. In
Advances in Psychology; Elsevier: Amsterdam, The Netherlands, 1988; Volume 52, pp. 139-183.

Hara, H.; Sankai, Y. Development of HAL for lumbar support. In SCIS & ISIS SCIS & ISIS 2010, Japan; Japan Society for Fuzzy
Theory and Intelligent Informatics: Fukuoka, Japan, 2010; pp. 416—421.

German Bionic. German Bionic CRAY X. 2018. Available online: https:/ /www.germanbionic.com (accessed on 29 June 2021).
Ko, HK; Lee, SW.; Koo, D.; Lee, I.; Hyun, D.J. Waist-assistive exoskeleton powered by a singular actuation mechanism for
prevention of back-injury. Robot. Auton. Syst. 2018, 107, 1-9. [CrossRef]

Waters, T.R.; Putz-Anderson, V.; Garg, A.; Fine, L.]. Revised NIOSH equation for the design and evaluation of manual lifting
tasks. Ergonomics 1993, 36, 749-776. [CrossRef]

Davis, K.G.; Jorgensen, M.].; Marras, W.S. An investigation of perceived exertion via whole body exertion and direct muscle
force indicators during the determination of the maximum acceptable weight of lift. Ergonomics 2000, 43, 143-159. [CrossRef]
[PubMed]

Jorgensen, M.].; Davis, K.G.; Kirking, B.C.; Lewis, K.E.K.; Marras, W.S. Significance of biomechanical and physiological variables
during the determination of maximum acceptable weight of lift. Ergonomics 1999, 42, 1216-1232. [CrossRef] [PubMed]

Cafolla, D.; Chen, I.; Ceccarelli, M. An experimental characterization of human torso motion. Front. Mech. Eng. 2015, 10, 311-325.
[CrossRef]


http://dx.doi.org/10.1016/S0167-9457(99)00043-3
http://dx.doi.org/10.1016/j.jbiomech.2005.03.028
http://dx.doi.org/10.2340/16501977-0999
https://www.germanbionic.com
http://dx.doi.org/10.1016/j.robot.2018.05.008
http://dx.doi.org/10.1080/00140139308967940
http://dx.doi.org/10.1080/001401300184521
http://www.ncbi.nlm.nih.gov/pubmed/10675055
http://dx.doi.org/10.1080/001401399185090
http://www.ncbi.nlm.nih.gov/pubmed/10503055
http://dx.doi.org/10.1007/s11465-015-0352-z

	Introduction
	Biomechanics of Pulling
	Rationale for Assisting Pulling

	Materials and Methods
	Control Strategy
	Experimental Design and Metrics
	Experimental Design
	Metrics


	Results
	Muscle Activity
	Subjective Measurements

	Discussion
	Effects of the Assistance on Muscle Activity and Subjective Measurements
	Practical Implications
	Limitations

	Conclusions
	References

