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Challenges in manual materials handling (MMH) are posed in particular by the requirements for continuous
repetition and individual feedback. Low effort in MMH instructions is accordingly a relevant factor. The com-
bination of a markerless motion capture system with a biomechanical model providing visual MMH instructions
by individual real-time feedback of the compression force of the intervertebral disc in L5/S1 (CF) could tackle
these challenges. However, this raises the question of whether this approach provides appropriate MMH in-
structions to improve the lifting technique in MMH. Results of an experiment with 22 young male participants
indicate that visual MMH instructions with such individual real-time feedback have significant advantages in
improving the lifting technique by reducing those factors associated with lower back pain compared to in-
structions with a reference paper-based tutorial or a baseline without instructions. Thus, peak and mean CF and
peak trunk flexion, for example, were significantly lower when lifting with individual real-time feedback of CF
compared to other conditions tested. Hence, the results suggest that it may be sensible to improve the lifting
technique by such an approach of MMH instructions and integrate it in MMH training programs or on-the-job
training in order to reduce or prevent lower back pain.

Relevance to industry: Using real-time feedback of the compression force of the intervertebral disc of L5/S1 based
on markerless optical motion capture can improve the lifting technique in manual materials handling. This may
be integrated into MMH training programs or on-the-job training to reduce or prevent low back pain.

1. Introduction

Manual materials handling (MMH) is known to be a major risk factor
for work-related musculoskeletal disorders especially in the lower back
(Anwer et al.,, 2021; Widanarko et al., 2012). Therefore, applying
appropriate measures for avoiding MMH or reducing the risk involved in
MMH, the European Union Directive 90/269/EEC states the obligation
that workers should receive “proper training and information on how to
handle loads correctly and the risks they might be open to particularly if
these tasks are not performed correctly” (art. 6, cl. 2). There is still
limited evidence about the effectiveness of MMH training in preventing
lower back pain (LBP) (Clemes et al., 2010; Denys Denis et al., 2020;
Hogan et al., 2014; Linton and van Tulder, 2001; Martimo et al., 2008;

Sedgwick and Gormley, 1998; Verbeek et al., 2011; Verbeek et al.,
2012). For example, a large-scale randomized controlled trial of an
educational program designed to prevent low back injury that included
knowledge teaching, exercises for strength training and workplace in-
spections found no long-term effects between the intervention and
control group of 3597 postal workers over 5.5 years of follow-up
(Daltroy et al,, 1997). Similarly, a repeated behavioral oriented
training that included direct biomechanical feedback and individual
coaching was associated with similar low back injury as training by a
single viewing of a video (Lavender et al., 2007).

A variety of interventions is used to prevent LBP. Systematic reviews
conclude that exercise for strength training, rather than MMH training
or other interventions, have the potential to be effective in the
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prevention of LBP (Maher, 2000; Steffens et al., 2016; van Poppel et al.,
1997, 2004). However, practitioners responsible for occupational safety
and health believe that MMH training is more effective if it is tailored to
specific industry and task demands and includes practical elements
(McDermott et al., 2012). The ineffectiveness of MMH training in pre-
venting LBP could be also explained by the phenomenon that people do
not necessarily apply their knowledge to practice (Overton et al., 2016).
Continuous repetition seems to be a crucial factor for successful MMH
training and behavioral chances. Accordingly, the effectiveness of MMH
training seems to be more a question of how rather than if.

The literature suggests that an effective MMH training requires
active exercise in combination with continuous repetitions and indi-
vidual feedback, which should be adapted to the demands of the
workplace. While the implementation of these requirements might be
most effective in MMH training, it would likely require disproportionate
effort and costs and thus would be rather unattractive as a prevention
measure or program of LBP for many companies. These challenges may
be mitigated by integrating continuous and immediate feedback into
MMH training. Using real-time feedback could be a suitable approach in
challenging that. For example, the application of visual real-time feed-
back based on data of an inertial measurement unit could significantly
reduce the score of the Rapid Upper Limb Assessment (Vignais et al.,
2013) and visual feedback of electromyography data can decrease
muscle activity (Faucett et al., 2002). Furthermore, vibrotactile feed-
back based on data of an inertial measurement unit might significantly
reduce the time spent in awkward working postures (Lind et al., 2020).
Tactile feedback from an athletic strapping tape placed bilaterally along
the lumbar extensor muscles could significantly reduce lumbar spine
flexion (Pinto et al., 2018). Other studies suggest that individualized
real-time auditory biofeedback on postural stabilities improves perfor-
mance (Chan et al., 2022; Mullineaux et al., 2012). Approaches by
Kamachi et al. (2021), Owlia et al. (2020), Punt et al. (2020), and
Kernozek et al. (2006) revealed that audio real-time feedback based on
thresholds of biomechanical calculations or lumbar spine flexion could
reduce the risk factors of LBP in lifting and lowering tasks. Oppici et al.
(2021) also concludes that auditory and tactile feedback conditions
promoted a reduction of lumbar spine flexion and tactile was more
effective than auditory.

Approaches that use markerless motion capture in combination with
visual instructions might be more advantageous in addressing the above-
mentioned challenges for MMH training in companies as it could pro-
vide real-time feedback in an effective, efficient and minimally invasive
manner, even in the workplace. Markerless motion capture offers the
opportunity to provide proper assistance for a wide range of applications
in ergonomics and other fields (Clark et al., 2012; Ray and Teizer, 2012;
Sarsfield et al., 2019). Such approaches focus almost exclusively on
improving the ergonomic analysis of manual work using existing
observational methods (Diego-Mas and Alcaide-Marzal, 2014; L. Li
et al., 2020; Manghisi et al., 2017; Patrizi et al., 2016; Plantard et al.,
2017; Spector et al., 2014). Many of the observational methods have
been developed as easy-to-use screening tools for practical applications
in the industry with well-known drawbacks (David, 2005; D. Denis et al.,
2000; G. Li and Buckle, 1999; Roman-Liu, 2014; Takala et al., 2010).
They can easily distinguish workplaces with a high risk of LBP from
those with a low risk of LBP. However, even if an individual sampling
strategy is used instead of a collective sampling strategy (Brandl et al.,
2017), intra- and inter-differences in the biomechanical parameters of
participants might be small when performing different executions of the
MMH task (Kingma et al., 2006; Potvin et al., 1991; van Dieén et al.,
1999). Hence, a clear distinction between low and high risk cannot al-
ways be made by observational methods. For a practical application of
MMH instructions, the simplifications that are inherent to observational
methods used for workload assessment might be insufficient for accurate
LBP risk estimation (Beach et al., 2014).

Sufficient sensitivity might be achieved by using biomechanical an-
alyses. A main parameter in the evaluation biomechanical load during
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MMH tasks is the compression force of intervertebral disc in L5/S1
(Jager, 2018; Straker, 2002). In addition, it is known that if using verbal
instructions to discourage spine flexion when lifting, the instructions
should be spine-rather than leg-focused (Beach et al., 2018). A suitable
approach to achieve practical requirements and sufficient data quality
might be the combination of markerless motion capture and biome-
chanical analyses, which is widely used in the assessment of MMH
(Gagnon et al., 2016; Mehrizi et al., 2017), but rarely in the applications
of MMH instructions. This would also encourage people to choose their
own lifting style by improving the biomechanical parameters.

Indeed, the focus on lifting techniques in MMH training could even
be counterproductive, because the focus might be more on the suppos-
edly correct execution of the presented lifting technique than on
improving the underlying parameters of the lifting technique. The re-
sults of Gagnon et al. (2016) indicate that differences in biomechanical
loads between experts and novices exist when participants are allowed
to select their own lifting technique. Furthermore, the myoelectric
silencing of the low back extensor musculature during a standing to full
trunk flexion maneuver may indicate an increase in load sharing on
passive structures (Colloca and Hinrichs, 2005) and emphasizes the
importance of underlying parameters, such as spine load and trunk
flexion over the specific lifting technique. Even if the visual display of
static images of the spinal motion already influence the lifting technique
(Chan et al., 2019), it still remains unclear which manual lifting tech-
nique should be taught in MMH training. However, the research focuses
in particular on stoop, squat lifting, semi-squat lifting technique, whilst
neglecting others, such as straddle and kneeling lifting techniques
(Kingma et al., 2006). Squat lifting seems to be widely accepted as the
“correct” way of lifting (Abdoli-Eramaki et al., 2019). However, there is
no consistent evidence of the effectiveness of a particular lifting tech-
nique and it is known that no single lifting technique can be advised for
all lifting conditions (Burgess-Limerick, 2003; Kingma et al., 2006;
Straker, 2003; van Dieén et al., 1999; Washmuth et al., 2022). Such
studies may show that the actual lifting technique may be less important
than the lifting conditions, such as load placement, time pressure and
experience, or small measures like shifting or tilting the load (Faber
et al., 2011; Gagnon et al., 2016; Marras et al., 2006; Riley et al., 2015;
van Dieén et al., 1999).

This raises the question of whether real-time visual feedback of L5/
S1 compression forces based on markerless optical motion capture
provides appropriate MMH instructions to improve the lifting technique
in MMH. To answer this question, an experimental study was conducted
to investigate two hypotheses. It was first, hypothesized that visual
MMH instructions result in significantly reduced factors associated with
LBP risk compared to a control condition in which no instructions were
provided. Furthermore, it was hypothesized that MMH instructions with
real-time visual feedback of L5/S1 compression force decrease signifi-
cantly those factors associated with LBP risk compared to the MMH
instructions with a paper-based tutorial.

2. Materials and methods
2.1. Population sample and task

An opportunity sample of 22 male university students without work
experience with MMH participated in the study. Musculoskeletal pain
and injury history of the last year were asked for the back, neck,
shoulder and knee, and selected as criterion of exclusion prior to
participating in this study. The participants had a mean (SD) age of 25
years (2), a height of 1.82 m (0.07) and a body mass of 81.8 kg (14.1). An
informed written consent was obtained prior to participating in the
experiment, which was performed in accordance with the ethical
guidelines of the RWTH Aachen University and the approval form of the
Ethics Committee of the RWTH Aachen University (EK 236/16).

The experimental task to be performed by the participants was to
walk 3 m to a chain saw (STIHL MS 231 with a weight of 5.8 kg), lift it up
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from the ground and walk 2 m farther for the execution of a simulated
sawing task and put the saw down on the ground in reverse. During
walking, the chainsaw was held at about hip level. The chain saw was
used because it could be embedded in a realistic use case in which the
participants did not concentrate exclusively on the MMH task. The focus
is the analysis of changes in the execution of the MMH task during the
lifting phase with a chain saw. The application of different MMH tech-
niques can also lead to changes before the actual lifting, which is why
human movements are analyzed to be between a distance of 1 m before
and 1 m after the chain saw.

2.2. Experimental design

A mixed-subject design was used. Each participant was tested in a
baseline condition without prior lifting instructions to investigate the
individual lifting technique. Afterwards, two independent randomly
selected samples of 11 participants out of the population sample were
selected to test the lifting technique in two intervention conditions. In
intervention condition 1, visual instructions by individual real-time vi-
sual feedback of the compression force of the intervertebral disc in L5/
S1 (CF) were given on a screen in a CF-time diagram during the
execution of the lifting task (Fig. 1). The required data were obtained by
a real-time markerless motion capture system. In the intervention con-
dition 2, visual instructions were presented by a static paper-based
tutorial, consisting of a textual description of “10 golden rules for cor-
rect lifting and carrying” and photographs of recommended and
awkward lifting postures. The tutorial used was published by the Insti-
tution for the Woodworking and Metalworking Industries (BGHM) of the
German Social Accident Insurance (DGUV), which is legally responsible
for the prevention of accidents at work, occupational diseases and work-
related health hazards. The paper-based tutorial was chosen as reference
instruction because it is widely used in Germany’s occupational
practice.

Investigated variables were selected with respect to the review by
Straker (2002). The associated LBP risk of the MMH task was primarily
investigated based on of the biomechanical criteria compression force
(peak CF) and cumulative loading (mean CF and duration). Cumulative
loading was investigated with the two main factors of commonly used
models, which provided an opportunity to estimate model results since
no model appears to be superior to the others (Johnen et al., 2021a,

Fig. 1. Experimental setup for intervention condition 1 (real-time feedback
of CF).
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2021b). Variables of psychophysical, physiological, psychological and
epidemiological criteria were not included with respect to the study
design, i.e. low number of repetitions, low total lifting duration,
self-selected lifting technique and high accuracy requirements.
Furthermore, various indicators of posture were reported as secondary
variables, so changes in the primary variables could be interpreted.
These investigated secondary variables were peak and mean flexion of
trunk and knees as well as electrical activity of primarily associated
muscles for trunk and knee flexion, i.e. right and left m. erector spinae
longissimus (RES/LES) and right and left m. rectus femoris (RRF/LRF).

2.3. Procedure

The experimental procedure involved a sequence of preparation
phase, baseline phase, intervention phase and post-processing phase.
During the preparation phase, participants were prepared for the sam-
pling of surface electromyography (sEMG) signals by a sensor and
placement procedure in accordance with the European Recommenda-
tions for SEMG for Non-Invasive Assessment of Muscles (SENIAM) as
defined by Hermens et al. (1999, 2000). To ensure good signal quality,
the skin of the participants was prepared by hair removal and cleaning of
the skin using an abrasive paste. Prior to the second phase, peak
maximal voluntary contraction was obtained for each muscle as refer-
ence contraction obtained prior to the intervention phase in accordance
with SENIAM (Hermens et al., 1999). During the baseline phase, the
participants executed the experimental task five times without prior
instructions on lifting techniques after a short familiarization. During
the intervention phase, the participants were randomly assigned to one
of the two intervention conditions. After a short familiarization, the
experimental task was executed five times. In the intervention condition
1, the participants were informed that CF is individually calculated in
real time and displayed as CF-time diagram on a screen in front of the
chain saw. Based on a standardized experimental guide, the participants
were informed about the location of the intervertebral disc in L5/S1 and
that in occupational safety and health guidelines conditions with low CF
are associated with an ergonomic and healthy lifting technique. In the
intervention condition 2, the participants were shown a visual
paper-based tutorial once prior to the execution of the experimental
task. During the post-processing phase, the electrodes were removed and
a short post-interview was conducted.

2.4. Data recording, processing and analysis

Biomechanical and performance parameters were recorded at a rate
of 30 Hz using a Kinect V2 range sensor (Microsoft, USA), because it is
widely used for markerless motion capture and has technological ad-
vantages over the Kinect V1 range sensor (Yang et al., 2015). Validation
studies of the data obtained by the Kinect range sensor concluded that
the accuracy is sufficient for several applications, such as anthropo-
metric measurements (Bonnechere et al., 2014), postural control (Clark
et al., 2012), measuring gait parameters (Clark et al., 2013; Xu et al.,
2015), measuring workload parameters of observational methods (Die-
go-Mas and Alcaide-Marzal, 2014; Dutta, 2012; Manghisi et al., 2017;
Patrizi et al., 2016; Plantard et al., 2017; Spector et al., 2014), pose
estimation (Plantard et al., 2015; Xu and McGorry, 2015), and body
angles (Brunner et al., 2022; Tarabini et al., 2018; Xu et al., 2017).

The CF was calculated for each frame using a dynamic biomechanical
model (Jager, 1987; Jager et al.,, 1991, 2013; Jager and Luttmann,
1989). The transfer phase of the load was identified by manual obser-
vation and pressing a button by an operator. Furthermore, the individual
real-time CF for intervention condition 1 was displayed on a screen as
CF-time diagram. The trunk and knee flexions were calculated based on
ISO 11226 and EN 1005-4. The joint coordinates of the Kinect V2 range
sensor were used as input for calculations, without applying any further
filtering to kinematics.

The execution time (ET) was calculated based on the number of
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frames captured by the Kinect V2 range sensor while the participant’s
head point was within a distance of 1 m before and 1 m after the
chainsaw.

The muscular parameters were recorded using the sEMG device
Desktop DTS Receiver (Noraxon, USA). Ag/AgCl self-adhesive 8-shaped
dual electrodes (dimensions of adhesive: 4 x 2.2 cm; diameter of the two
circular adhesives: 1 cm; inter-electrode distance: 1.75 cm) were used.
The signals were amplified with a gain of 1000 V/V, an input impedance
of 100 MQ and a common mode rejection ratio of 100 dB. The signals
were sampled with a sampling frequency of 1500 Hz and digitally band-
pass filtered (10-500 Hz) with a first-order high-pass filter. The signals
were recorded using the analysis software MyoResearch 3.8 (Noraxon,
US). The root mean square (RMS) amplitude was calculated with an
overlapping moving window of 100 ms (Hermens et al., 1999). In order
to compare sEMG data for different conditions, mean RMS values were
normalized to percent muscle activation by using the peak of the cor-
responding maximum voluntary reference contraction.

The values of the dependent variables were derived by averaging
over the five repetitions in baseline condition and intervention condi-
tions each. All statistical analyses were conducted using SPSS version
27.0. The first hypothesis investigated the effect of MMH instructions on
the lifting technique with repeated measures analysis of variance
(ANOVA). Therefore, the baseline condition was compared to the
intervention conditions regardless of whether they were based on indi-
vidual real-time feedback of compression force of the intervertebral disc
in L5/S1 or on a paper-based tutorial. The second hypothesis investi-
gated the type of visual MMH instructions. Therefore, analyses of
covariance (ANCOVA) were performed between intervention condition
1 (real-time feedback of CF) and intervention condition 2 (paper-based
tutorial) with the covariate baseline condition. Type one error proba-
bilities were accepted at an a-level of p = .0038, which is adjusted by the
Bonferroni correction due to multiple comparisons of n = 13.

3. Results

Per participant, the results are based on five repetitions of the
experimental task in the baseline condition and five repetitions in the
intervention condition. A typical progression of CF is shown in Fig. 2 for
one repetition of the same participant.

3.1. Effect of visual MMH instructions

Repeated-measures ANOVA revealed that all primary variables are
significantly lower in intervention conditions with MMH instructions
compared to the baseline condition without MMH instructions and the
first hypothesis can be accepted. In secondary parameters, a significant
effect could be observed in peak and mean trunk flexion, whereas the
other parameters are not significantly affected by intervention condi-
tions. Mean values, standard deviations and ANOVA values of the var-
iables are shown in Table 1 and Fig. 3.

CF [kN]
w
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Table 1

Mean values (standard deviations) of measured variables in baseline condition
and both intervention conditions (p < .0038, adjusted by the Bonferroni
correction). (CF = compression force of the intervertebral disc in L5/S1, ET =
Execution time, RES/LES = right and left m. erector spinae longissimus, RRF/
LRF = right and left m. rectus femoris).

Primary Baseline Intervention F P p
variables condition conditions
Peak CF 3.82 kN 3.35 kN (0.5) F(1,21) < .616
(0.5) = .001
33.744
Mean CF 3.02 kN 2.53 kN (0.4) F(1,21) < 756
(0.5) = .001
65.117
ET of the 2.615(0.8) 4.37s(1.5) F(1,21) < .705
manual = .001
lifting task 50.291
Secondary Baseline Intervention F P N
variables condition conditions
Peak trunk 75.25° 54.22 ° (14.8) F(1,21) < .624
flexion (12.9) = .001
34.920
Mean trunk 45.09 ° 31.38° (9.0) F(1,21) < .683
flexion (10.49) = .001
45.164
Mean muscle 22.61 % 20.89 %MVC F(1,21) .246 .064
activity of MVC (7.7) (7.0) =1.427
RES
Mean muscle 28.8 %MVC 23.0 %MVC F(1,21) .096 127
activity of (12.5) 9.8) = 3.044
LES
Peak right knee ~ 33.87 ° 35.93° (16.3) F(1,21) .582 .015
flexion (16.6) =0.313
Mean right 104.61 ° 104.14 ° (10.3) F(1,21) .869 .001
knee flexion 9.5) =0.028
Mean muscle 15.74 % 13.31 %MVC F(1,21) 119 112
activity of MVC (8,6) (8.2) =2.637
RRF
Peak left knee 23.79 ° 26.76 ° (11.9) F(1,21) 191 .080
flexion 9.9) =1.826
Mean right 70.40 ° 66.43 ° (10.3) F(1,21) .057 .162
knee flexion (8.3) = 4.056
Mean muscle 17.81 % 20.12 %MVC F(1,21) .668 .009
activity of MVC (11.2) (24.3) =0.189

LRF

3.2. Comparison of the type of visual MMH instructions

ANCOVA revealed that peak and mean CF are significantly lower in
intervention condition 1 (instructions given by individual real-time
feedback of CF) compared to intervention condition 2 (instructions
given by a paper-based tutorial). However, there was no significant ef-
fect for ET. In general, primary variables support the second hypothesis.
Apart from peak trunk flexion, no significant effect could be found for
the other secondary variables. Mean values, standard deviations and
ANCOVA values of the variables are shown in Table 2 and Fig. 4.

intervention

............ baseline

3 4 5

execution time [s]

Fig. 2. Compression force of the intervertebral disc in L5/S1 (CF) over execution time comparing baseline and intervention condition for a typical example of one

repetition of the manual materials handling task.
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Fig. 3. Mean values of measured variables in baseline condition (dark gray) and both intervention conditions (light gray) (*p < .0038, adjusted by the Bonferroni
correction). Error bars indicated standard deviations. (CF = compression force of the intervertebral disc in L5/S1, ET = Execution time, RES/LES = right and left m.

erector spinae longissimus, RRF/LRF = right and left m. rectus femoris).

Table 2

Mean values (standard deviations) and ANVOVA values of measured variables in both intervention conditions (p < .0038, adjusted by the Bonferroni correction).
(condition 1 = instructions given by individual real-time feedback of CF, condition 2 = instructions given by a paper-based tutorial, CF = compression force of the
intervertebral disc in L5/S1, ET = Execution time, RES/LES = right and left m. erector spinae longissimus, RRF/LRF = right and left m. rectus femoris).

Primary variables Condition 1 Condition 2 F P p Covariate
Peak CF 3.11 kN (0.5) 3.60 kN (0.4) F(1,19) = 18.414 <.001 492 sign.
Mean CF 2.39 kN (0.4) 2.67 kN (0.4) F(1,19) = 12.804 .002 403 sign.

ET of the manual lifting task 4.755s (1.8) 4.0s(1.1) F(1,19) = 2.675 .118 123 sign.
Secondary variables Condition 1 Condition 2 F P N Covariate
Peak trunk flexion 45.67 ° (14.8) 62.77 ° (9.0) F(1,19) = 11.121 .003 .369 n. sign.
Mean trunk flexion 27.32° (10.2) 35.43 ° (5.5) F(1,19) = 6.386 .021 .252 n. sign.
Mean muscle activity of RES 21.19 %MVC (6.4) 20.59 %MVC (7.0) F(1,19) = 0.038 .848 .002 n. sign.
Mean muscle activity of LES 21.51 %MVC (6.0) 24.58 %MVC (12.7) F(1,19) = 0.506 .486 .026 n. sign.
Peak right knee flexion 36.31° (17.7) 35.54 ° (15.5) F(1,19) = 0.332 571 .017 n. sign.
Mean right knee flexion 101.86 ° (7.3) 106.41 ° (12.6) F(1,19) = 0.882 .360 .044 n. sign.
Mean muscle activity of RRF 10.35 %MVC (6.5) 16.27 %MVC (8.9) F(1,19) = 1.472 .240 .072 sign.
Peak left knee flexion 26.64 ° (13.1) 25.51° (11.1) F(1,19) = 0.505 .486 .026 sign.
Mean right knee flexion 68.24 ° (9.2) 64.61 ° (11.3) F(1,19) = 0.042 .840 .002 n. sign.
Mean muscle activity of LRF 12.61 %MVC (10.1) 27.63 %MVC (31.8) F(1,19) = 1.630 217 .079 n. sign.
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4. Discussion

This study aimed to answer the question of whether real-time visual
feedback of L5/S1 compression forces based on markerless optical mo-
tion capture provides appropriate MMH instructions to improve the
lifting technique in MMH. For this purpose, it was first examined
whether visual MMH instructions can reduce factors associated with LBP
risk regardless of whether they are based on the individual real-time
feedback of the compression force of the intervertebral disc in L5/S1
or on a paper-based tutorial. The results revealed a significant decrease

mucle activity [%MVC]

Fig. 4. Mean values of the measured variables in

*0 intervention condition 1 with instruction given by
50 individual real-time feedback of CF (dark gray) and
40 intervention condition 2 with instructions given by a

paper-based tutorial (light gray) (*p < .0038, adjusted
30 by the Bonferroni correction). Error bars indicated
20 I standard deviations. (CF = compression force of the

intervertebral disc in L5/S1, ET = Execution time,
10 i l RES/LES = right and left m. erector spinae long-
0 issimus, RRF/LRF = right and left m. rectus femoris).

L&

in peak and mean compression force of the intervertebral disc in L5/S1,
the execution time of the MMH task as well as the peak and mean trunk
flexion for intervention conditions compared to the baseline condition.
Secondly, it was investigated whether visual MMH instructions with
individual real-time feedback of the compression force of the interver-
tebral disc in L5/S1 significantly decrease factors associated with LBP
risk compared to MMH instructions with a paper-based tutorial. The
results reveal a significantly lower mean and peak compression force of
the intervertebral disc in L5/S1 and peak trunk flexion for the visual
instructions given by the individual real-time feedback of the
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compression force of the intervertebral disc in L5/S1 compared to the
visual instructions by a paper-based tutorial. The secondary variables of
the mean trunk and knee flexions and their associated muscle activities
significantly were not significantly affected. However, possible neck
extensions were not investigated. From the results of the study, it can be
concluded that visual MMH instructions can decrease factors associated
with LBP risk and therefore can lead to a healthier lifting technique.
Furthermore, it seems that the individual real-time feedback of the
compression force of intervertebral disc in L5/S1 is advantageous over a
paper-based tutorial in reducing factors associated with LBP.

There is still little evidence of the effectiveness of MMH training in
general (Denys Denis et al., 2020; Hogan et al., 2014), the results of the
study indicate that visual instructions can be effective in reducing fac-
tors associated with LBP risk and therefore be part of MMH training. This
is in line with the results obtained by Vignais et al. (2013) and Faucett
et al. (2002). Studies using other approaches found similar effects
(Oppici et al., 2021; Punt et al., 2020). Thus, it seems that real-time
feedback can be a good approach to motion learning. Referring to the
results of this study, namely that people without instructions perform
lifting techniques with significantly higher LPB risk, the fundamental
question arises as to why. When performing movements, humans usually
aim for the lowest perceivable exertion. As exertions on the interverte-
bral disc of the spine and the skeleton are not directly perceivable,
movements are usually adapted to low muscular and cardiovascular
exertion. This could be a reason why movements are often learned in
such a way that they contribute to a long-term risk of work-related
musculoskeletal disorders. Moreover, according to the regulation the-
ory, once a movement has been learned, it is extremely difficult to
change, as it is performed as a skill-based behavior in the lowest regu-
lation level. This is supported by the findings of Brueckner et al. (2019)
and Schaefer and Scornaienchi (2020) who showed a decrease in
cognitive demands for motor control as well as physical exertion over
time. Furthermore, the human organism is subject to autonomous
adaptation processes as a reaction on load over time, e.g., to strengthen
muscles and the cardiovascular system. As a result, the perceived exer-
tion in the muscular and cardiovascular system decreases and with it the
subconscious needs to perform lifting techniques that are associated
with higher risks of musculoskeletal disorders in the long term. Conse-
quently, the very early learning of healthy and ergonomic movements
should not only be a goal of occupational safety and health, but also of
(early) childhood education.

The measured significant differences between baseline and inter-
vention conditions may, however, also be due to a change in the lifting
technique, as no instructions were given regarding the lifting technique
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to be used. It was observed that the execution of the MMH task without
instructions was primarily performed applying the stoop technique,
whereas the instructions with a paper-based tutorial led to a primary
application of the squat technique. Instructions with individual real-
time feedback of the compression force of the intervertebral disc in
L5/S1 encourage the application of the straddle or kneeling technique
(Fig. 5). These changes in lifting technique could also be a possible
explanation for the differences from RRF and LRF muscle activity.
Changes in secondary parameters were not the focus of this study, so
investigations of whether changes in lifting technique lead to increased
risk to other body areas, such as the knee, must be the subject of specific
follow-up studies. According to Straker (2002), however, knee loads are
no criteria in the evaluation of lifting techniques.

The approach described in this article allows people to find and
improve their own MMH technique based on posture- and motion-
oriented feedback based on CF. Additional education and instructions
by occupational safety and health practitioners could help in finding an
even better MMH technique or take other conditions such as workplace
design or gripping method into account. For example, turning the
chainsaw down could reduce the lever arm and consequently the CF.

The study also revealed a significant increase of the execution time,
which can be explained by the change in lifting technique described
above and a slightly slower movement during lifting. Besides the human
need to quickly perform MMH tasks, this increase in the execution time
can also be related to findings of regulation theory (Rasmussen, 1983)
and can be explained by the change from a skill-based behavior to a
higher regulation level. Consequently, it can be assumed that this in-
crease in the execution time can be reduced by continuous repetitions in
an effective MMH training using individual real-time feedback of the
compression force of the intervertebral disc in L5/S1 when the infor-
mation processing necessary for the execution of the MMH task takes
place again in the regulation level of skill-based behavior. However, the
increase in the execution time leads to a fundamental problem of
interpretation regarding the effectiveness in reducing the risk of
work-related musculoskeletal disorders or LBP, which is considered a
well-known challenge of ergonomic research, namely that little is
known about the relative importance of each risk factor (G. Li and
Buckle, 1999; Takala et al., 2010). Accordingly, the weighting of the
different risk factors is in constant scientific discussion, e.g., the effect of
peak vs. time in cumulative loads (Gallagher and Schall, 2017; Johnen
et al., 2021b; Waters et al., 2006). In ergonomic assessment methods,
the influence of load intensity is basically weighted higher than that of
load duration. However, the ergonomic assessment of different lifting
techniques in MMH, which in turn causes differences in execution time

Fig. 5. Manual materials handling task applying the stoop technique (left), squat technique (middle) and straddle technique (right).
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and load intensity, is still an unsolved issue that needs to be addressed.
However, cumulative load could be used as another variable to inves-
tigate, as cumulative load could be increased, when intensity is lower,
and duration is higher as shown in the study results.

It should further be pointed out that all executions of the MMH task
are biased by the experimental task, e.g. participants could choose their
own lifting technique, partly asymmetry and unbalance in lifting of the
chain saw and lab environment. It should also be noted that this study
has not considered possible age- and sex-based physiological differ-
ences, which certainly warrant systematic research, as they may lead to
different conclusions regarding the use and instruction of lifting tech-
niques. Low number of repetitions, type of clothes and free sight be-
tween participant and range sensor should be mentioned as further
limitations of the study results. Shear forces were not included in the
study as biomechanical criteria to be investigated, as it was expected
that trunk flexion would improve. However, peak shear forces are
relevant for assessing associated LBP risk in MMH tasks, particularly
when a certain intensity of trunk flexion, pushing or pulling are involved
(Gallagher and Marras, 2012; Straker, 2002). It must be further
mentioned that despite a large number of studies that evaluated Kinect
V2 range sensors as sufficiently accurate for applications in ergonomics
as shown in the methods section, there are also studies that come to
more conservative conclusions (Asadi and Arjmand, 2020). The identi-
fication of the load’s transfer phase by manual observation and pressing
a button is quite inaccurate. However, as human movements are
analyzed between a distance of 1 m before and 1 m after the chain saw,
the influence of this inaccuracy on the study results should not be too
large. Before implementing such a system in practice an automated
identification of the load’s transfer phase should be implemented.

If, in contrast to this study, the long-term effects of MMH training are
investigated, there is the major challenge that other work or leisure
exposures increase the variance of the measured variables, which can be
almost standardized when investigating short-term effects. However,
when investigating short-term effects, it is difficult to assess whether
body systems are affected reversibly or irreversibly and whether the
long-term LBP risk changes. From a practical perspective, however, it is
still unclear how individual real-time feedback of CF will affect knowl-
edge retention. If individual real-time feedback can be sustained by
continuous repetitions over several weeks or months, it may be
concluded that such MMH training promotes long-term effectiveness.
Following this, the study results indicate that the still limited evidence of
the long-term effectiveness of MMH training in the prevention of LBP
might be more related to the ineffectiveness of the training rather than
to the instructions, as the effectiveness itself was shown to be short term.

5. Conclusions

The results show that visual MMH instructions with a paper-based
tutorial and with individual real-time feedback of the compression
force of the intervertebral disc in L5/S1 lead to reduced factors associ-
ated with LBP when executing MMH tasks compared to no instructions
given. Accordingly, it can be concluded that MMH instructions can
provide proper assistance for a better execution of MMH tasks.

Regarding the type of instructions, the results show that visual MMH
instructions with individual real-time feedback of the compression force
of the intervertebral disc in L5/S1 have significant advantages in
improving the lifting technique compared to instructions with a paper-
based tutorial. Therefore, using individual real-time feedback of the
compression force of the intervertebral disc in L5/S1 based on marker-
less optical motion capture could be a suitable element for instruction in
MMH training programs or on-the-job training to reduce or prevent LBP
in the future.
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