
VU Research Portal

Real-time feedback to reduce low-back load in lifting and lowering

Punt, Michiel; Nematimoez, Mehdi; van Dieën, Jaap H; Kingma, Idsart

published in
Journal of Biomechanics
2020

DOI (link to publisher)
10.1016/j.jbiomech.2019.109513

document version
Version created as part of publication process; publisher's layout; not normally made publicly available

Link to publication in VU Research Portal

citation for published version (APA)
Punt, M., Nematimoez, M., van Dieën, J. H., & Kingma, I. (2020). Real-time feedback to reduce low-back load in
lifting and lowering. Journal of Biomechanics, 102, 1-7. [109513].
https://doi.org/10.1016/j.jbiomech.2019.109513

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://doi.org/10.1016/j.jbiomech.2019.109513
https://research.vu.nl/en/publications/b6bf75db-d686-4c11-bb3b-1f23f0c2bc56
https://doi.org/10.1016/j.jbiomech.2019.109513


Journal of Biomechanics xxx (xxxx) xxx
Contents lists available at ScienceDirect

Journal of Biomechanics
journal homepage: www.elsevier .com/locate / jb iomech

www.JBiomech.com
Real-time feedback to reduce low-back load in lifting and lowering
https://doi.org/10.1016/j.jbiomech.2019.109513
0021-9290/� 2019 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Heidelberglaan 7, 3584 CS Utrecht, the Netherlands.
E-mail address: michiel.punt@hu.nl (M. Punt).

Please cite this article as: M. Punt, M. Nematimoez, J. H. van Dieën et al., Real-time feedback to reduce low-back load in lifting and lowering, Jou
Biomechanics, https://doi.org/10.1016/j.jbiomech.2019.109513
Michiel Punt a,b,⇑, Mehdi Nematimoez a,c, Jaap H. van Dieën a, Idsart Kingma a

aDepartment of Human Movement Sciences, Vrije Universiteit Amsterdam, Amsterdam Movement Sciences, Amsterdam, the Netherlands
bResearch Group Lifestyle and Health, Utrecht University of Applied Sciences, Utrecht, the Netherlands
cDepartment of Sport Biomechanics, Faculty of Physical Education and Sport Science, Kharazmi University, Tehran, Iran
a r t i c l e i n f o

Article history:
Accepted 11 November 2019
Available online xxxx

Keywords:
Real-time feedback
Low back pain
Moment
Reinforcement learning
Trunk inclination
a b s t r a c t

Low-back pain (LBP) is a common health problem. Literature indicates an exposure-response relation
between work-related lifting and LBP. Therefore, this study investigated effects of three kinds of real-
time feedback on low-back load, quantified as lumbar moments, during lifting. We recruited 97 healthy
male and female participants without a recent history of LBP and without prior biomechanical knowledge
on lifting. Participants were assigned to groups based on the time of enrollment, filling the four groups in
the following order: moment feedback, trunk inclination angle feedback, lumbar flexion feedback, and a
control group not receiving feedback. Feedback was given by a sound when a threshold level of the input
variable was exceeded. Participants were unaware of the input variable for the feedback, but were
instructed to try to avoid the audio feedback by changing their lifting strategy. The groups with feedback
were able to reduce the audio feedback and thus changed the input variable towards a more desired level.
Lumbar moments significantly decreased over trials in the inclination and moment feedback groups,
remained similar in the lumbar flexion group and increased in the control group. Between group compar-
isons revealed that low-back load was significantly lower in the moment and inclination groups com-
pared to the control group. Additionally, moments were lower in the inclination group than in the
lumbar flexion group. Real-time feedback on moments or trunk inclination is a promising tool to reduce
low-back load during lifting and lowering.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction A novel, more targeted approach is a direct focus on the expo-
Low-back pain (LBP) is a very common health problem (Hoy
et al., 2010), which negatively affects quality of life (Kovacs et al.,
2004) and is the leading cause of absence from work (Balagué
et al., 2012). Despite the fact that most LBP is non-specific and thus
has no identified pathophysiological source, a variety of factors
have been established as potential causes of LBP (Balagué et al.,
2012). One frequently mentioned cause is work-related lifting,
for which an exposure-response relationship of intensity and dura-
tion of lifting with LBP has been established (Bergmann et al.,
2017; Coenen et al., 2014).

Numerous studies have attempted to develop effective preven-
tive interventions, but according to a recent review, the effective-
ness of such interventions is very limited (Schaafsma et al.,
2015). More specifically, also evidence on effects of ergonomic
interventions and assistive devices aiming to reduce exposure
remains inconclusive (Ammendolia et al., 2005; Sahar et al.,
2008; van Duijvenbode et al., 2007).
sure to low-back loading (Bergmann et al., 2017; Coenen et al.,
2014) (Bergmann et al., 2017; Coenen et al., 2014) (Bergmann
et al., 2017; Coenen et al., 2014). Modern technologies like inertial
measurement units (IMU) and force insoles may provide the
opportunity to reliably monitor low-back load during daily-life lift-
ing tasks (Faber et al., 2018). Such a system could also provide real-
time feedback on low-back load during lifting tasks. Three studies
have explored the potential of giving real-time feedback to reduce
low-back load (Agruss et al., 2004; Kernozek et al., 2006; Lavender
et al., 2007). Agruss et al. used EMG signals from the trunk muscles
as the source for feedback, while Kernozek et al. and Lavender et al.
provided feedback on the magnitude of the lumbosacral (L5S1)
joint moment. Both studies reported promising results with
respect to reduction of low-back load.

Real-time feedback can act as an external cue for reinforcement
learning in humans. The feedback, for instance a sound, can act as a
negative reinforcement which will challenge individuals to adapt
their lifting strategy, while the absence of the sound acts as a pos-
itive reinforcement. To sort an effect, the variable which triggers
the feedback needs to contain relevant information on low-back
load. To this end several variables are worth exploring. First, feed-
rnal of
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back about the L5S1 moment itself (Kernozek et al., 2006; Lavender
et al., 2007) and second kinematic variables trunk inclination and
lumbar flexion. A reduction of these easily measurable kinematic
variables will shorten the moment arm of the trunk and conse-
quently reduce the moment. We did not consider erector spine sur-
face electromyography (EMG) as applied by (Agruss et al., 2004).
Acquiring EMG data is practically challenging and the feedback will
not be valid in situation which require substantial flexion due to
the flexion-relaxation phenomenon (Dickey et al., 2003).

It is currently largely unknown to what extent real-time feed-
back in lifting and lowering tasks can reduce low-back load,
whether a potential effect is retained and which feedback variable
is most effective in reducing low-back load during lifting tasks.
Therefore, the objective of this study was to examine to what
extent real-time feedback reduces low-back load in lifting and
which feedback variable (L5S1 net moment, trunk inclination and
lumbar flexion) is most effective in doing so.
2. Method

2.1. Participants

As changes across trials were expected to be more variable in
the feedback groups than in the control group, we included a min-
imum of 20 participants in the feedback groups, but limited the
control group. A total of 97 male and female participants without
a recent history of low back pain volunteered. The study was
approved by the local ethical committee and all participants gave
written informed consent. Participants had no knowledge about
the biomechanics of lifting nor had they participated in any other
studies related to lifting and biomechanics. Participants were
assigned to one of four groups in order of enrollment, first
recruited participants in the moment (L5S1 moment) feedback
group, next participants in the trunk inclination (sagittal plane
trunk angle relative to the vertical) group, next participants in
the lumbar flexion feedback sagittal plane angle between trunk
and pelvis) feedback group, and the final participants to the control
group not receiving feedback.
2.2. Experimental design and procedure

We created a mock-up environment to simulate daily-life lifting
tasks. To assess generalization of feedback effects, variations over
lifts were obtained by predefining lifting and lowering locations
distributed over three horizontal (left/center/right) positions and
two depth (far/nearby) positions. The neighboring positions were
10 cm apart, thus participants needed to perform minor side steps
to align with the box. The handles of the box were at a height of
26.5 cm. Participants were not allowed to make substantial longi-
tudinal rotations during the lifting tasks as the markers would
move out of the field of view.

All four groups performed 4 trials wherein each trial consisted
of 12 lifting and 12 lowering tasks with a box of 10 kg. In between
trials, a 3 to 5 min break was given. Trial 1 served as a reference
trial to obtain a participant specific threshold value for the feed-
back. For each of the feedback modes, threshold selection was
based on variations normally obtained across instructed lifting
techniques (Kingma et al., 2010, 2006) and on pilot work. The
threshold value for the moment feedback group derived from trial
1 was set at 80% of the average of the observed 24 peak sagittal
plane moments (12 times lifting and 12 times lowering), see for
a detailed description of the calculations further down the meth-
ods section. Exceeding this threshold value resulted in a sound
being played by the computer. Similarly, thresholds were set at
80% of the average of the observed peak trunk inclination angles
Please cite this article as: M. Punt, M. Nematimoez, J. H. van Dieën et al., Real
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and 70% of the average of the observed peak lumbar flexion angles
during trial 1.

Trials 2 and 3 served as the intervention trials wherein feedback
was given (except for the control group) and trial 4 served as a
retention test. Prior to trial 2, participants were instructed that
they should try to avoid the sound by changing the way they lifted
and lowered the box. However, they were not allowed to lift with
one hand only, or to step off the force plate. We decided to not
explain what kind of information triggered the sound, as explain-
ing the feedback would guide participants towards a solution to
reduce the variable that was fed back, while the aim of the study
was to solely study the effect of real-time feedback on back
moments. Prior to trial 4, participants were instructed that they
would no longer hear the sound, but that they should try to apply
the same lift and lowering strategy as learned during the interven-
tion trials.

Anthropometric measures were taken from the foot, shank,
thigh, pelvis, and thorax to estimate mass, centre of gravity and
inertia per segment. Kinematic data were obtained, using three
camera arrays of a 3D movement registration system (Optotrak
Certus system; Norton Digital Inc.), at a sample rate of 50 Hz. Light
emitting diodes (LED) markers were attached to both shanks and
thighs, pelvis at the sacrum and thorax at the T6 spinous process
to capture kinematics. The markers were related to anatomical
landmarks by a calibration procedure (Kingma et al., 1996).
Ground reaction forces were collected with a custom-made 1.0 � 1
.0 m force plate at a sample rate of 200 Hz, these plates show excel-
lent linearity and Center of Pressure errors < 4 mm (Kingma et al.,
2004). To estimate net moments at the lumbosacral joint (L5S1) a
bottom-up 3-D linked segment model was used (Faber et al., 2011;
Hof, 1992; Kingma et al., 1996). During offline analysis, marker
data and force plate data were low-pass filtered using a bi-
directional Butterworth filter with a cut-off frequency of 5 Hz, sub-
sequently the same linked segment model was used to estimate
net moments at the L5S1 joint in the sagittal plane.

Online data analysis using a custom-made Matlab (2017B) pro-
gram allowed us to provide real-time feedback on the three feed-
back variables (L5S1 moment, lumbar flexion and trunk
inclination). The program integrated the participant specific cali-
bration procedure and received kinematic and force plate data at
25 Hz. In pilot data, the online (low sample rate and without filter-
ing) L5S1 moments estimates closely resembled offline (normal
sample rate with filtering) estimates (R = 0.98 and root mean
square error = 2.3Nm) without structural over- or under
estimation.

Primary outcome variables to quantify low-back load were the
L5S1 peak moment in the sagittal plane and time above the L5S1
moment threshold value (TaMT) in the sagittal plane. Kinematic
variables to characterize the lifting strategy were obtained at the
time of the peak moment. These variables were: 1) trunk inclina-
tion in the sagittal-plane, 2) lumbar flexion, the angle between
the trunk and the sacrum in the sagittal-plane 3) knee angles in
the sagittal-plane, and 4) the maximum upwards trunk velocity
when lifting the box and the maximum downwards trunk velocity
when lowering the box. Note that peak vertical velocity was
reached prior to peak moment in case of lowering and after peak
moment in case of lifting.

For the feedback groups, the time above the set threshold (TaT)
was determined as well to examine if and to what extent partici-
pants were able to adapt their lifting strategy to avoid the audio
feedback.

2.3. Statistical analysis

Normal distribution of the data was tested using the
Kolmogorov-Smirnov test. Sphericity was tested using Mauchly’s
-time feedback to reduce low-back load in lifting and lowering, Journal of
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test, and if significant a Greenhouse-Geisser correction was used.
For each group, mean and standard deviation for demographic
characteristics like body weight and height, and age are reported.
We compared demographic characteristics between the four
groups (control, inclination feedback, lumbar flexion feedback
and moment feedback) using ANOVAs. When these tests revealed
a significant difference, the variable concerned was used as a
covariate in further analyses. Before conducting statistical analy-
ses, we averaged over box horizontal positions (left/center/right).
Subsequently, we examined the effects of the following four fac-
tors: box position (two levels, nearby and far), lifting task (two
levels, lifting and lowering) and trial (four levels), as follows.

2.3.1. Reducing feedback time
First, we examined whether participants were able to reduce

the time that feedback was provided by changing their lifting strat-
egy. To this end, we determined the time above the set threshold
value (TaT) for each feedback group. The effect of feedback was
examined per group using a repeated measures ANOVA consider-
ing all other factors (trial, box position and lifting task), but only
the feedback factor was interpreted, as detailed below.

2.3.2. Effect of feedback over trials
Next, the effect of feedback on low-back load was examined,

expressed by the dependent variables: peak moment at L5S1 and
TaMT. Furthermore, the effects of feedback on lifting and lowering
strategy were examined using the kinematic variables: knee angle,
lumbar flexion, trunk inclination and vertical peak velocity. We
used repeated measures ANOVAs with group (4 groups) as
between-subjects factor and trial, box position and lifting task as
within-subject factors. Additionally, to clarify results and reduce
data dimensionality, if no significant 3-way or 4-way interactions
with trial, box location, lifting task and group were found, we con-
cluded that the effect of feedback was similar among locations and
lifting tasks to average over these conditions. In case main effects
of trial and/or an interactions between trial and group were found,
specific follow-up analyses were performed. Follow-up testing was
performed using 1-way repeated ANOVAs per group per variable,
to examine the main effects of trial. If a significant main effect
was found, Bonferroni-corrected post-hoc testing was performed
to examine if subsequent trials differed from trial 1.

2.3.3. Between-group differences at trial 4
Finally, we examined between feedback group differences at

trial 4. As groups differed at baseline trial 1, we corrected these dif-
ferences by first normalizing data to values obtained in trial 1. A
one-way ANOVA per dependent variable was conducted. In case
of a significant main effect of group, further Bonferroni-corrected
post-hoc testing was performed to examine which feedback groups
differed from each other.

For the main findings and interactions partial eta squared effect
sizes are reported to quantify the size of the effects. Effect sizes of
roughly 0.01 are considered small, 0.06 are considered medium
and >0.14 are considered large. All statistical analyses were per-
formed in SPSS version 25.0 and a p-value of �0.05 was considered
statistically significant.
3. Results

From the 97 participants, we excluded 5 participants due to
missing markers or mal-functioning of instrumentation during
the measurement. The remaining 92 participants are described in
Table 1. One-way ANOVAs revealed no significant differences
between the four groups with respect to demographic characteris-
tics (Table 1).
Please cite this article as: M. Punt, M. Nematimoez, J. H. van Dieën et al., Real
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3.1. Reducing feedback time

Participants were reduced TaT over trials in each of the feed-
back groups (Fig. 1; p < .001), indicating that participants changed
their lifting strategy in line with the feedback provided.

3.2. Effect of feedback over trials

No 3-way or 4-way interactions with trial and feedback group
were found (Table 2), thus the effect of feedback was similar
among near and far, and among lifting and lowering. Therefore,
in subsequent statistics and in the figures, results have been aver-
aged over box positions and lifting tasks.

Two-way interactions of trial and feedback were significant and
follow-up analyses were performed poer group. Brackets in Fig. 2
indicate Bonferroni-corrected post hoc differences between trials
within a specific feedback group. Peak moments significantly
decreased over trials in the moment feedback group (to 91% at trial
4) and the inclination feedback group (to 88.3% at trial 4) (Table 3,
Fig. 2). Peak moments significantly increased over trials in the con-
trol group (to 106.1% at trial 4) and no changes were observed in
the lumbar flexion group. TaMT significantly (Table 3, Fig. 2)
decreased in all three feedback groups, moment group (�0.24 s
at trial 4), inclination group (-0.26 s at trial 4) and lumbar flexion
group (�0.1 s at trial 4).

Brackets in Fig. 3 indicate Bonferroni-corrected post hoc differ-
ences between trials within a specific feedback group for a specific
kinematic variable. Trunk inclination decreased significantly
(Table 3, Fig. 3) in all three feedback groups, moment (�20� at trial
4), inclination (�25� at trial 4) and lumbar flexion (�19� at trial 4).
Lumbar flexion angles significantly decreased (Table 3, Fig. 3) in all
feedback groups (moment (�14� at trial 4), inclination (�19� at
trial 4) and lumbar flexion (�16� at trial 4)) and in the control
group (�4� at trial 4). Knee angles significantly increased (Table 3,
Fig. 3) in the moment (28� at trial 4), inclination (34� at trial 4) and
lumbar flexion feedback groups (26� at trial 4) and in the control
group (9� at trial 4). No main effects of trial, nor interactions of trial
and group on vertical trunk velocity were found (Fig. 3; Table 2).

3.3. Between-group differences in trial 4

Peak moment reductions in trial 4 were significantly larger for
the moment and inclination feedback groups as compared to the
control group. Moreover, peak moments in trial 4 for the inclina-
tion feedback group were significantly lower as compared to the
lumbar flexion group (Table 4 Fig. 2). The change in TaMT was sig-
nificantly larger in the inclination group compared to the control
group (Table 4, Fig. 2).

With regards to kinematic variables, trunk inclination (Table 4,
Fig. 3) was significantly more reduced in the feedback groups than
in the control group in trial 4. Lumbar flexion angle was signifi-
cantly more reduced in all feedback groups as compared to the
control group (Table 4, Fig. 3). Finally, the change in knee angle
was significantly larger for the trunk inclination feedback group
as compared to the other groups (Table 4, Fig. 3).
4. Discussion

The objectives of this study were to examine to what extent
real-time feedback reduces low-back load in lifting and which
feedback variable (L5S1 moment, trunk inclination and lumbar
flexion) is most effective in doing so and whether effects are
retained after feedback is stopped. First, participants were able to
address the unknown feedback source. They explored how to
change the lifting strategy and learned to reduce the time that
-time feedback to reduce low-back load in lifting and lowering, Journal of

https://doi.org/10.1016/j.jbiomech.2019.109513


Table 1
Demographic characteristics for all four groups and results for between group comparison ANOVA.

N = 14
Control group

N = 29
Moment group

N = 28
Inclination group

N = 21
Lumbar flexion group

Between group
effect

Variable Mean ± SD Mean ± SD Mean ± SD Mean ± SD F P

Female/male 7 / 7 7 / 22 15 / 13 7 / 15
Age (years) 23.7 ± 8 25.7 ± 4 24.9 ± 7 25.9 ± 10 0.32 0.81
Height (m) 1.77 ± 0.1 1.77 ± 0.09 1.79 ± 0.09 1.78 ± 0.09 0.12 0.94
Weight (kg) 73.5 ± 10 72 ± 11 72.4 ± 10 72 ± 12 0.07 0.97
BMI (kg/m2) 23.4 ± 3.2 22.7 ± 2.5 22.6 ± 2.5 22.6 ± 2.7 0.35 0.79

Fig. 1. The time receiving feedback for a given condition despite of which trial was performed; lifting’s are the upper panels, lowering are the lower panels, nearby lifts are the
left panels, far lifts are the right panels. The three different lines are three different feedback groups, namely, green inclination feedback, blue is the moment feedback group
and black is the lumbar flexion group. The control group is not reported due to the absence of feedback. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 2
Results of the Within – between group repeated measures (M)ANOVA for the effects of trial, group, location and lifting task) on low back loading and kinematic variables.

4-Way
Interaction
Effect

3-Way
Interaction Effect

2-Way
Interaction
Effect

Main effect

Trial * Group
* Location *
Lift

Trial * Group
* Location

Trial * Group
* Lift

Trial * Group Trial Group

Variable F P F P F P F P Ŋ2 F P Ŋ2 F P Ŋ2

Peak moment 0.6 0.79 1.1 0.39 1.2 0.29 5.7 <0.01 0.16 6.1 0.01 0.06 0.7 0.50
TaT moment 1.4 0.18 1 0.44 1.1 0.34 3.2 <0.01 0.10 28.1 <0.01 0.24 5.5 <0.01 0.15
Knee angle 1 0.43 1.8 0.06 0.8 0.58 5.6 <0.01 0.08 87.3 <0.01 0.41 2.6 0.06
Trunk inclination 0.4 0.89 0.9 0.47 0.7 0.64 4.4 <0.01 0.13 87 <0.01 0.49 5.2 <0.01 0.15
Lumbar flexion 0.7 0.67 0.5 0.79 1.3 0.27 2.5 0.03 0.16 62.9 <0.01 0.49 2.2 0.09
Trunk vert. velocity 1 0.38 0.5 0.67 2.2 0.05 1.1 0.34 0.1 0.78 0.6 0.61

Results are Greenhouse Geisser corrected p-values.
P-values < .05 are printed in bold.
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Fig. 2. Primary loading value variables. Upper panel, average L5S1 peak moment per trial for the four groups. Lower panel, time exceeding the moment threshold value for the
four groups. The different colors represent the four experimental groups. The brackets indicate Bonferroni-corrected significant post-hoc differences per group.

Table 3
Results of a one-way repeated measures ANOVA, testing the effect of feedback over the four trials per dependent variable per feedback group.

Feedback type

Control Moment Inclination Lumbar flexion

Variable F P Ŋ2 F P Ŋ2 F P Ŋ2 F P Ŋ2

Peak moment 5.1 <0.01 0.28 8.6 <0.01 0.24 21.7 <0.01 0.44 0.33 0.69
TaT moment 1.8 0.19 17.5 <0.01 0.39 27.8 <0.01 0.50 1.79 <0.01 0.08
Knee angle 6.2 0.01 0.32 22.0 <0.01 0.45 54.4 <0.01 0.66 12.3 <0.01 0.38
Trunk inclination 2.7 0.11 24.5 <0.01 0.50 65.7 <0.01 0.74 28.9 <0.01 0.52
Lumbar flexion 4.2 0.04 0.17 27.5 <0.01 0.47 80.4 <0.01 0.71 21.9 <0.01 0.59

P-values < .05 are printed in bold.
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feedback was given or even to avoid feedback entirely. Subse-
quently, our results indicate that real-time feedback controlled
by either moment or trunk inclination resulted in a substantial
reduction in peak moments and the time exceeding the threshold
value for L5S1 moments (TaMT) as indicated by the observed large
effect sizes (Table 3). In contrast, real-time feedback of lumbar
flexion did not result in reduced peak moments and only a minor
decrease (small effect size) in TaMT was observed. Interestingly,
in the control group we observed a small significant increase in
peak moment, increase in knee flexion and lumbar flexion. It is
unlikely that it is due to fatigue, as fatigue would probably result
in reduced knee flexion (van Dieën et al., 2001) and has been
shown to have negligible effects on back loading(van Dieën et al.,
1998). Therefore, we conclude that the participants apparently
adapted their lifting technique, which was clearly not beneficial
for lower back loading as it coincided with increased peak
moments. Our findings are in agreement with previous studies
exploring real-time feedback to reduce low-back load (Agruss
et al., 2004; Kernozek et al., 2006; Lavender et al., 2007). Despite
differences in methodology, all studies found similar effects of
feedback on low back loading. Our observed changes in low-back
load coincided with substantial changes in lifting strategy: trunk
inclination and lumbar flexion decreased over trials, and as a
Please cite this article as: M. Punt, M. Nematimoez, J. H. van Dieën et al., Real
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compensation to still reach the box, knee angles increased over tri-
als in all three feedback groups, while this was less so in the con-
trol group. Participants in the moment feedback group tended, in
contrast to the other groups, to reduce lifting and lowering speed
(Fig. 3), but the interaction of group and trial was not significant
for lifting speed. Finally, our results do not show a relation
between already performing well in terms of for instance a limited
trunk inclination or moment in trial 1 and the ability to benefit
from the real-time feedback. We think this is mainly due to the
use a of a relative and personalized threshold values.

From a practical perspective and for a future study in a daily-life
setting, trunk inclination as a feedback variable may have the high-
est potential, as trunk inclination outperformed lumbar flexion in
terms of reducing low-back load and was similarly effective as
moment feedback. Trunk inclination is easily measurable in daily
life using a single inertial measurement unit, while measuring
moments at L5S1 is challenging and requires more instrumenta-
tion (Faber et al., 2018).

This study has several limitations, which should be taken into
account for future work in this area. An interesting finding was
the robustness of the effect of feedback to the different conditions.
The effect of feedback yielded similar results for lifting and lower-
ing as well as for locations nearby and far (Table 2). This is an
-time feedback to reduce low-back load in lifting and lowering, Journal of
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Fig. 3. Kinematic lifting and lowering variables for trunk inclination, lumbar flexion, knee angle and peak vertical velocity of the trunk averaged over lifting and lowering
conditions per trial and for all four experimental groups. The brackets indicate significant post hoc differences per group between certain trials for the dependent variable.

Table 4
Results for the one-way between group ANOVA on changes in trial 4 relative to trial 1,
testing low back loading and kinematic variables.

Between group effect

Variable F P

Peak moment (Trial 4) 8.1 <0.01
TaT moment (Trial 4) 4.3 <0.01
Knee angle (Trial 4) 3.2 0.02
Trunk inclination (Trial 4) 6.5 <0.01
Lumbar flexion (Trial 4) 8.1 <0.01

P-values < .05 are printed in bold.
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encouraging finding with regard to practical application. However,
the distance between locations was limited and moreover, the
height of the box was not varied in the current study. These are
important limitations as previous studies found that different con-
ditions (i.e. lifting height or box size) require different lifting tech-
niques to minimize low-back load (Kingma et al., 2010, 2006,
2004). It is therefore necessary to examine the effect of feedback
on low-back load over a greater variety of conditions. Next, we
are unaware whether the results found in this study transfer to
individuals with low-back pain. There are clear indications that
people with low-back pain have alterations in low-back motor con-
trol (Hodges, 2001; Van Dieën et al., 2003) and they may therefore
respond differently to feedback. Nevertheless, even if our findings
do not transfer to people with low-back pain, feedback on low-
back load appears a promising intervention in preventing low-
back pain in groups at risk (Heneweer et al., 2011). Another limita-
tion is that while we were able to reduce low back loading, the
loading on the knee flexion increased, which could cause higher
loading on the knee joints with possible implications for knee
injury in the long term. This problem requires further
investigation.

We used audio feedback but for practical applications vibrotac-
tile feedback may be preferable. Another limitation is that we
tested only one threshold value per feedback variable. Setting the
threshold too high may be too easy and effects will be limited, set-
ting the threshold value too low may result in constant feedback,
Please cite this article as: M. Punt, M. Nematimoez, J. H. van Dieën et al., Real
Biomechanics, https://doi.org/10.1016/j.jbiomech.2019.109513
which may frustrate the user while nothing is learned. An alterna-
tive option would be to gradual feedback, associated with the mag-
nitude of the target variable, rather than using a threshold value.
The time between feedback trials and the retention trial was lim-
ited and was roughly 5 min. This limited time was insufficient to
actually explore retention, but did give us the possibility to exam-
ine the immediate effect of real-time feedback. This study demon-
strated that participants are able to learn to change lifting behavior
without knowing the source of the feedback, which may make it
robust enough for use in a daily-life setting. Nevertheless, imple-
mentation in practice needs considerable care and careful evalua-
tion, as previously Lavender et al. demonstrated that immediate
effects on low back loading due to real-time feedback did not affect
injury rates as compared to a control group (Lavender et al., 2007).
Future work may compare our results with instructions, as lifting
instructions appear to reduce peak moments as well (Kingma
et al., 2004).

We did not explore between-participant differences within a
certain feedback group, while we qualitatively did observe some
differences in handling the feedback and reducing low back load-
ing. Possible explanations for such differences may be anatomical
in nature, such as stiffness in certain joints, or psychological, such
as the eagerness to explore new lifting strategies. A detailed anal-
ysis is beyond the scope of this study, but might help to better
understand how feedback may aid in reducing back loading in
the future.

While our sample of participants is convenient, our moment
feedback group had some imbalance in gender. However, we did
not observe any noticeable differences between genders. Neverthe-
less, during further analysis, we did not observe any noticeable dif-
ferences between genders.

In conclusion, real-time feedback in lifting is effective to reduce
low-back load when the feedback variable is either the L5S1
moment or trunk inclination. Trunk inclination may have a practi-
cal application as it is easy to measure in daily life and, in the pre-
sent study, it was just as effective in reducing low-back load as
L5S1 moments. However, it should be thoroughly tested if this
holds across a wider variety of tasks.
-time feedback to reduce low-back load in lifting and lowering, Journal of
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