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ARTICLE

Prediction model of the effect of postural interactions on muscular activity
and perceived exertion

Tobias Hellig, Laura Johnen , Alexander Mertens , Verena Nitsch and Christopher Brandl

Chair and Institute of Industrial Engineering and Ergonomics, RWTH Aachen University, Aachen, Germany

ABSTRACT
Musculoskeletal disorders are a prevalent disease in many Western countries. While a large num-
ber of ergonomic analyses and assessment methods are nowadays available, most current meth-
ods that assess exposure calculate overall risk scores of individual body segments without
considering interaction effects of exposure variables. Therefore, a study was conducted that
aimed at investigating and quantifying interaction effects of trunk inclination and arm lifting on
ratings of perceived exertion (RPE) and muscle activity. A multiple regression model to predict
musculoskeletal load under consideration of interaction effects was derived. The study revealed
that there is a significant interaction effect of trunk inclination and arm lifting. Furthermore, final
regression models explained variance in exposure variables in a range of R2 ¼ 0.68 to R2 ¼
0.147 with a subset of two to three inputs. The predicative equations support the computer-
based post-processing of sensor data.

Practitioner summary: This article elaborates on the importance of interaction effects of work-
ing postures on assessment results of load. In practise, easy to-use-methods for an assessment
of working postures are needed. Therefore, a regression model is derived, which facilitates the
quantification of work load under consideration of interaction effects. The use of this regression
model for the assessment of posture data gathered by range sensors is recommended.

Abbreviations: RPE: rating of perceived exertion; MSD: musculoskeletal disorder; OWAS: ovako
working posture analysing system; RULA: rapid upper limb assessment; LUBA: postural loading
on the upper body assessment; REBA: rapid entire body assessment; OCRA: occupational repeti-
tive action;S D: standard deviation; EMG: surface electromyography; LUT: left upper trapezius
pars descendens; RUT: right upper trapezius pars descendens; LLT: left trapezius pars ascendens;
RLT: right trapezius pars ascendens; LAD: left anterior deltoideus; RAD: right anterior deltoideus;
LES: left erector spinae longissimus; RES: right erector spinae longissimus; SENIAM: surface
electroMyoGraphy for the non-invasive assessment of muscles; MVC: maximum voluntary con-
traction; MANOVA: multivariate analysis of variance; ANOVA: analysis of variance; OLS: ordinary
least squares; MANCOVA: multivariate analysis of covariance
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1. Introduction

Musculoskeletal disorders (MSDs) are prevalent world-

wide and are associated with significant financial and

social expenses. To identify hazardous working condi-

tions, a wide range of ergonomic analyses and assess-

ment methods have been developed. An overview of

these methods regarding reliability and validity is pro-

vided by Denis, Lortie, and Rossignol (2000), David

(2005) and Takala et al. (2010). Most of these methods

were developed to consider individual aspects of work

situations and for use as simple pen and paper meth-
ods. For example, OWAS (Karhu, Kansi, and Kuorinka
1977), which allows a whole body analysis and assess-
ment, reduces complexity by a rough subdivision of
the body segments. Further examples are RULA
(McAtamney and Corlett 1993), which is limited to
analysing and assessing working postures of the upper
limbs and LUBA (Kee and Karwowski 2001b).
Moreover, REBA (Hignett and McAtamney 2000) is a
method which was developed to assess typical work-
ing postures in the field of health care (Hignett and
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McAtamney 2000). REBA is a method which allows prac-
titioners to assess the overall musculoskeletal risk
exposure based on angles from several body segments.

Overall, such methods can be utilised quickly and allow
for a general assessment of working conditions; however,
they are limited in their precision due to the disregard of
interaction effects of exposure variables, e.g. working pos-
tures (EN 1005-4 2009; Lim, Jung, and Kong 2011).

Interaction effects are an interplay of several individ-
ual effects which can lead to an additional increase in
musculoskeletal exposure. Interaction effects can result
from a combination of body segment postures. The
individual body segment postures may be characterised
by a low exposure level. However, the resulting inter-
action effects of combinations of such body segment
postures may lead to a hazardous level of exposure
(Lim, Jung, and Kong 2011; EN 1005-4 2009). For
example, musculoskeletal exposure during lifting tasks
is influenced by the inclination of the trunk. Besides the
trunk inclination, the inclination of the shoulder influen-
ces the musculoskeletal exposure during lifting tasks as
well. This influence arises from different shoulder
angles, which determines the lever arm of the load and
subsequent the torque resulting in the spine. Therefore,
musculoskeletal exposure during lifting tasks is depend-
ent on two factors and their interaction. Moreover,
exposure is determined by further exposure factors, for
instance, elbow posture or wrist posture. According to
EN 1005-4 angels of static arm lifting between 20� and
60� degree are only acceptable for short time durations
or if there is full arm support. Furthermore, EN 1005-4
evaluates angles of static arm lifting above 60� as not
acceptable for long durations. Angles of back inclination
up to 20� are evaluated as conditionally acceptable and
back inclination angles above 60� are evaluated at not
acceptable by EN 1005-4.

Regarding the different methods, David (2005)
investigated the epidemiological data upon the fol-
lowing methods were built: OWAS, RULA, OCRA, REBA,
LUBA, NIOSH Lifting Equation etc., which revealed a
limitation to the quantification of interaction effects.
Besides these findings of David (2005), research find-
ings have shown relevance of interaction effects
between postures of shoulder, elbow, wrist and trunk.
O’Sullivan and Gallwey (2002) reported significant
interaction effects of forearm angles and elbow angles
on maximum forearm strength. Kong (2014) revealed
significant interaction effects of shoulder flexion and
elbow flexion on muscle activity of the upper limb
and grip force. Khan, O’Sullivan, and Gallwey (2010)
and Khan, O’Sullivan, and Gallwey (2009) observed a
significant interaction of forearm rotation and wrist

flexion on subjective discomfort. Furthermore, Lim,
Jung, and Kong (2011) showed significant interaction
of shoulder flexion and trunk inclination on muscle
activity and subjective discomfort.

To summarise, the current situation of ergonomic
analyses is characterised by a large number of meth-
ods to identify musculoskeletal load. Nevertheless,
MSDs are still significant worldwide (Brandl, Mertens,
and Schlick 2017a; Widanarko et al. 2012; Widanarko
et al. 2011; Vos et al. 2017). For example, among
industrial workers, the lower back and shoulder are
most affected by MSD (Grobler 2013; Sood et al. 2017;
National Academies Press (US)) 2001; Sukadarin et al.
2016). Therefore, ergonomic methods need to be fur-
ther developed to make the reduction of musculoskel-
etal load appropriate by using such methods. A
consideration of interaction effects, in particular
between back and shoulder, would contribute towards
this aim (Lim, Jung, and Kong 2011).

Thus, the aims of this paper are as follows: (1)
investigation of musculoskeletal exposure data of the
trunk and the shoulder for interaction effects, as these
are the body regions most affected by MSD, (2) devel-
opment of a prediction model of muscle activity under
consideration of interaction effects of trunk inclination
and shoulder flexion. Based on the findings of
O’Sullivan and Gallwey (2002), Khan, O’Sullivan, and
Gallwey (2009), Khan, O’Sullivan, and Gallwey (2010)
and Lim, Jung, and Kong (2011) we hypothesised a
significant interaction of trunk inclination and shoulder
flexion on musculoskeletal load.

2. Method

2.1. Participants

An opportunity sample of 47 persons (29 males) partici-
pated in the current investigation. The sample was not
gender-balanced, since gender-specific differences in
muscle activity are not to be expected (Srinivasan et al.
2016). Musculoskeletal injury in the back, neck and shoul-
der during the last six months was selected as criterion of
exclusion and was obtained prior to participating in this
study. Consequently, 47 persons with a mean (SD) age of
25.62 years (4.07 years) and stature of 176.2 cm (10.8 cm)
participated in this study. Informed written consent was
obtained prior to participating in the experiment.

2.2. Experimental design

A 4 (trunk inclination) � 4 (arm lifting angle) within-
subject design was devised, whereby trunk inclination
and arm lifting were modified in increments of þ20�
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and þ30�, respectively. This resulted in 16 different
working postures (see Figure 1). Each posture is com-
posed of straight legs, upright head, ventral trunk
inclination of an angle between 0 and 60� and arm
lifting of an angle between 0 and 90�. Trunk inclin-
ation angle was measured between the frontal plane
and the longitudinal axis of the trunk, while arm angle
was measured between the frontal plane and the
upper arm. The participants were instructed to pose
statically at 16 distinctive postures for 60 seconds
each. In order to avoid a long study duration, working
postures with arms above shoulder level were not

investigated, as these only occur to a limited extent in
industrial work (V€ayrynen, Pekkarinen, and Tornberg
1994; Brandl, Mertens, and Schlick 2017b). The order
of experimental conditions for each participant was
permutated to reduce order effects.

As dependent variables, muscle activity of eight
muscles and ratings of perceived exertion were collected.
While maintaining working postures, muscle activity was
sampled from the following muscles by using surface elec-
tromyography (EMG): right and left trapezius pars descen-
dens (LUT/RUT), right and left trapezius pars ascendens
(LLT/RLT), right and left anterior deltoideus (LAD/RAD),
right and left erector spinae longissimus (LES/RES). The
selected muscles are depicted in Figure 2. The selection of
the LUT/RUT and LLT/RLT was based on their roles as
shoulder stabilisers and arm activators (Kadefors et al.
1999), while the LAD/RAD were selected for their support-
ing roles in upper limb posture (Roman-Liu and Tokarski
2005). LES/RES were chosen as representative muscles of
the back which are responsible for extension of the trunk
(Hermens 1999). To eliminate muscle fatigue, after each
working posture, a one-minute resting period was granted
to the participants and a five-minute resting period after
four working postures. Previous studies have also used
these time intervals as they were sufficient to eliminate
muscle fatigue (Kee and Karwowski 2001b; Genaidy and
Karwowski 1993; Genaidy, Barkawi, and Christensen 1995).

Since working postures influence perceived exertion
significantly (Kee and Karwowski 2001a), each partici-
pant assessed ratings of perceived exertion (RPE)
regarding the whole body in each working posture.
Borg’s category ratio scale (Borg 1990) was employed
to gather RPE.

Figure 2. The eight selected muscles for electromyography analysis of the muscle activity: left and right trapezius pars descen-
dens (LUT/RUT), left and right trapezius pars ascendens (LLT/RLT), left and right anterior deltoideus (LAD/RAD), left and right
erector spinae longissimus (LES/RES).

Figure 1. Static work postures resulted from combinations of
trunk inclinations angles (0, 20, 40, and 60) and arm lifting
angles (0, 30, 60, and 90).
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2.3. Procedure

The experimental procedure involved two phases: (1)
preparation and (2) investigation of 16 different postures.

During the first phase, participants were prepared
for the sampling of EMG signals by a sensor and elec-
trode placement procedure in accordance with
SENIAM (Hermens 1999). To ensure good signal qual-
ity, participants’ skin was prepared by hair removal
and cleaning of the skin using an abrasive paste.

Prior to the second phase, maximal voluntary con-
traction (MVC) was obtained for each muscle as refer-
ence contraction. The MVC tests were performed for
each investigated muscle separately. For extremity
muscles (LUT/RUT, LLT/RLT, LAD/RAD) isolated isomet-
ric contractions were held statically by the use of a
utility bench and belts. Details can be found in the
publication of Konrad (2011). For the trunk muscles,
LES/RES innervations of the muscle chain of the back
by an isometric contraction was used. Since obtained
MVC could be 20-30% less than MVC obtained after
short training intervals, an initial warm up sequence
and a test of MVC innervation were conducted before
obtaining MVC values.

EMG signal detected by electrodes depends on vari-
ous factors, i.e. muscle fibre type, diameter of electro-
des, distance between the muscle and the electrode
by tissue width (Burden and Bartlett 1999). Therefore,
to compare muscle activity between different muscles,
different individuals and across time the EMG signal
should be normalised. In this study, isometric MVC
normalisation was used according to the guidelines of
SENIAM (Hermens 1999).

During the second phase of the experiment, partici-
pants were guided in holding 16 different working pos-
tures. The accuracy of the working postures was
monitored by appropriate software to show real-time
trunk inclination angle and arm angle using a Kinect
Sensor (Kinect V2, Microsoft, WA, USA). Therefore, the
coordinates of the joint positions of the skeleton model
of Kinect V2 were captured as input variables to calculate
trunk inclination angle and arm angle. Corresponding
trigonometric equation to calculate trunk inclination
angle and arm angle are described by Brandl (2017). The
use of trigonometric equations is necessary to calculate
trunk inclination angle and arm angle by use of the 3D
coordinates of centre points of the human body joints.
For example, the calculation of the trunk inclination is
based on the centre point of the left and right shoulder
centre point (on the spine at C7/T1) and the hip centre
(on the spine at L5/S1). Since static postures are never
completely static, a permissible angle range of ± 5� was
defined. If participants were close to exceeding this

permissible range they were instructed by the research
experimenter verbally to adjust their posture, who per-
manently monitored the body angles displayed by the
software in real-time. The measurement of muscle activ-
ity (60 seconds) was started at the moment participants
had assumed the corresponding working posture.

Throughout the initial development for video games,
the Kinect has been applied during several scientific inves-
tigations, for example, Auvinet et al. (2015) conducted
gait analyses, Diego-Mas and Alcaide-Marzal (2014),
Patrizi, Pennestr�ı, and Valentini (2016) and Manghisi et al.
(2017) conducted ergonomic studies. Furthermore,
Plantard et al. (2017), Plantard et al. (2015) and Xu et al.
(2017) evaluated accuracy of posture data captured by
the Kinect. It has been shown, that the error of coordi-
nates of the joint positions is dependent on the position
of the Kinect relative to the captured person. Therefore, in
this study according to Gonzalez-Jorge et al. (2015),
Plantard et al. (2017), Plantard et al. (2015) and Xu et al.
(2017) the Kinect was placed in front of the participants at
a height of 1.2m above the ground to avoid the shoulder
being covered by the arm. Clark et al. (2012) investigated
the validity of the Microsoft Kinect and revealed an ecel-
lent concurrent validity between the Microsoft Kinect and
the 3D motion analysis system of Vicon Nexus V1.5.2
(VICON, UK). Yang et al. (2015) evaluated the accuracy of
the Microsoft Kinect and showed different accuracy
depending on the distance to the sensor. Therefore, in
this study participants were placed within an area, which
has an accuracy error of less than 2mm. Furthermore, a
sampling frequency of 30Hz of the Kinect enables an
immediate detection of postural changes during the test
conditions (Yang et al. 2015). To summarise, the average
error of the Kinevt has a negligible impact on our data.
Therefore, the Kinect is appropriate for use in the context
of investigating body postures during constant conditions
in a laboratory environment.

2.4. Data recording and processing

In this experimental procedure, an EMG device
(Desktop DTS Receiver, Noraxon, AZ, USA) was used to
measure bilateral muscle activity of eight muscles. Ag/
AgCl self-adhesive 8-shaped dual electrodes (dimen-
sions of adhesive: 4� 2.2 cm; diameter of the two cir-
cular adhesives: 1 cm; inter-electrode distance:
1.75 cm) were used. Signals were amplified with a gain
of 1,000 V/V, input impedance of 100 MX and a com-
mon mode rejection ratio of 100 dB. Signals were
sampled with a sampling frequency of 1,500Hz and
digitally band-pass filtered (10-500Hz) with a first-
order high-pass filter. Signals were recorded using the
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analysis software MyoResearch 3.8 (Noraxon,
Scottsdale, AZ, USA). Root mean square (RMS) ampli-
tude was calculated with an overlapping moving win-
dow of 100ms (Hermens 1999). In order to compare
EMG data for different conditions of working postures,
RMS values were normalised to percent muscle activa-
tion by using the peak of the corresponding MVC ref-
erence contraction obtained prior to the experiment
in accordance with SENIAM (Hermens 1999; Sousa and
Tavares 2012).

2.5. Data analysis

All statistical analyses were conducted using IBM SPSS
Statistics 25. A repeated-measures multivariate analysis
of variance (MANOVA) was used to identify the effects
of trunk inclination and shoulder flexion on muscle
activity of eight muscles and RPE. The test statistic
Pillai’s trace was chosen, as it is considered to have
the least error and to be most powerful and most
robust (Field 2017), results of Pilla’s trace are given as
V notation. To investigate effects of different factor
combinations, separate univariate post-hoc ANOVAs
were conducted. Where the assumption of sphericity
was violated, p-values were ascertained based on
degrees of freedom with Greenhouse–Geisser correc-
tion (for e< 0.75) (Greenhouse and Geisser 1959).
Significance was accepted at the a-level of p< 0.05.

To develop a prediction model of muscle activity,
stepwise multiple regression was employed by means
of trunk inclination angle and arm angle as predictor
variables and muscle activity and RPE as outcome vari-
ables. The order of predictors entered into the model
was theory-based on a pre-study (Hellig, Mertens, and
Brandl 2018), which first identified interaction effects
of trunk inclination and arm lifting. As a result, nine
regression models (eight muscles and RPE) depending
on two predictor variables were calculated in the form
of:

yk ¼ b0 þ b1x1 þ b2x2 þ :::þ bmxm þ e (1)

where xs, bs and e represent the predictors, coefficients
and residuals of k models, respectively.

To meet the assumption of linearity, polynomial
relationships of the predictor variables and the out-
come variables were linearised. Equations were eval-
uated using determination coefficients (adjusted R2),
which were interpreted as trivial (<0.02), small
(0.02–<0.13), medium (0.13–<0.25) and large (>0.25)
effects according to Cohen (1992). Since repeated
measures data have an effect on the results derived
from ordinary least squares (OLS) regression that are
employed in this study, assumptions of independent

residuals and homoscedasticity are violated (Donner
1984). To investigate the violation of these assump-
tions, the Durbin-Watson test (Durbin and Watson
1951) and Breusch–Pagan test (Breusch and Pagan
1979) were used. While model parameters are not
affected by violations of independent residuals and
homoscedasticity (Field 2017), significance tests and
standard error estimates are affected (Donner 1984;
Hayes and Cai 2007; Field 2017). Therefore, heterosce-
dasticity-consistent standard error estimators accord-
ing to Hayes and Cai (2007) and White (1980) were
employed to reduce the effects of heteroscedasticity
and autocorrelation.

3. Results

3.1. Effects of trunk inclination angle and arm
lifting on exertion

3.1.1. Repeated-measures MANOVA
Repeated-measures MANOVA was employed to investi-
gate the effects of ventral trunk inclination and arm
lifting on muscle activity and RPE. Trunk inclination
was found to have a significant effect on muscle activ-
ity of all eight muscles and RPE, V¼ 1.208, F(27,
396)¼9.886, p< 0.001. Arm lifting was found to have a
significant effect on muscle activity of all eight
muscles and RPE, V¼ 1.367, F(27, 396) ¼ 12.276,
p< 0.001, and trunk inclination and arm lifting were
found to have a significant interaction effect on
muscle activity of all eight muscles and RPE, V¼ 0.855,
F(81, 3726) ¼ 4.830, p< 0.001.

To eliminate the influence of muscle fatigue, factor
levels had been permutated. Multivariate analysis of
covariance (MANCOVA) was used to detect order effects
of factor levels as a between-subject factor. The order of
factor levels was not found to be a significant covariate
(V¼ 0.195, F(8, 38) ¼ 1.148, p¼ 0.355).

Separate univariate ANOVAs were conducted post-
hoc to investigate effects of the independent variables
on muscle activity and RPE. Interaction effects of trunk
inclination and arm lifting revealed a significant influ-
ence on muscle activity of LUT, RUT, LLT, RLT, LES and
RES as well as on RPE. No significant influence of inter-
action effects was found on muscle activity of LAD
and RAD. Statistics are presented in Table 1.

The significant interaction of the two factors trunk
inclination and arm lifting on the muscle activity and
RPE confirms the thesis that musculoskeletal load is
dependent on the interaction effects of body segment
postures. Since research has shown an increase of
MSD symptoms in correlation with increased muscle
activity (Ferguson et al. 2012; Ostensvik, Veiersted, and
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Nilsen 2009), the results indicate a considerable influ-
ence of interaction effects on MSD.

3.1.2. EMG amplitude and RPE
The interaction of trunk inclination and arm lifting on
muscle activity of LUT and RUT is significant (pLUT
<0.001, pRUT <0.001). As evident in Figure 3(a), averaged
muscle activity of LUT and RUT increases with an increas-
ing trunk inclination angle and increasing arm angle. For
smaller trunk inclination angles and arm angles, there is a
smaller interaction effect on muscle activity. However,
interaction effects on muscle activity increase with
increasing angles of trunk inclination and arm lifting.

The interaction effect of trunk inclination and arm
lifting on muscle activity of LLT and RLT is significant
(pLLT <0.001, pRLT <0.001). Figure 3(b) displays aver-
aged muscle activity of LLT and RLT. It is evident that
arm lifting influences the relationship between trunk
inclination angle and muscle activity and vice versa.
The interaction increases for increasing trunk inclin-
ation angle and increasing arm angle.

Muscle activity of LAD and RAD did not show a signifi-
cant influence of an interaction of trunk inclination and
arm lifting (pLAD ¼ 0.585, pRAD ¼ 0.059). The influence of
arm lifting on muscle activity of LAD and RAD (pLAD <

0.001, pRAD < 0.001; g2LAD ¼ 0.634, g2RAD ¼ 0.682) is

greater than the influence of trunk inclination on muscle
activity of LAD and RAD (pLAD ¼ 0.001, pRAD ¼ 0.004;
g2LAD ¼ 0.154, g2RAD ¼ 0.132). The relationship
between trunk inclination, arm lifting and muscle activity
is displayed in Figure 3(c). In contrast to the course of
muscle activity of LUT, RUT, LLT and RLT the course of
muscle activity of LAD and RAD follows a quad-
ratic function.

The interaction effect of trunk inclination and arm
lifting on muscle activity of LES and RES was statistic-
ally significant (pLES < 0.001, pRES < 0.001). As evident
from Figure 3(d) muscle activity of LES and RES fol-
lows a quadratic function.

The interaction effect of trunk inclination and arm
lifting on RPE was significant (pRPE < .001). The rela-
tionship between trunk inclination, arm lifting and RPE
is shown in Figure 4. Despite the significant inter-
action of the factors on RPE the curves in Figure 4
show the same trend. Due to the investigation of all
individual values obtained during the investigation by
the conducted ANOVA, significant interaction effects
may occure despite the lack of overlapping curves.
This is possible due to the overlapping of the error
bars of the standard deviations, as it can be observed
in Figure 4. For increasing trunk inclination angles,
RPE shows an increase for all arm angles.

Table 1. Results of univariate ANOVAs for effects of trunk inclination angle, arm lifting angle and trunk inclination angle� arm
lifting angle.
Independent variable Dependent variable F df1 df2 p gp2

Trunk inclination angle LUT 54.2 1.9 85.6 <0.001 0.541
RUT 43.2 1.4 65.4 <0.001 0.485
LLT 68.4 1.4 64.6 <0.001 0.598
RLT 136.7 1.6 75.2 <0.001 0.748
LAD 8.4 1.9 85.8 0.001 0.154
RAD 7.0 1.6 72.2 0.004 0.132
LES 30.0 2.0 92.9 <0.001 0.395
RES 26.8 2.1 94.3 <0.001 0.368
RPE 108.0 2.2 99.5 <0.001 0.701

Shoulder flexion angle LUT 152.1 1.6 71.4 <0.001 0.768
RUT 156.8 1.4 65.8 <0.001 0.773
LLT 172.8 1.4 66.2 <0.001 0.79
RLT 218.3 2.0 92.0 <0.001 0.826
LAD 79.8 1.6 75.5 <0.001 0.634
RAD 98.8 1.6 75.8 <0.001 0.682
LES 172.6 1.6 74.8 <0.001 0.79
RES 162.0 1.6 72.4 <0.001 0.779
RPE 336.8 2.1 96.7 <0.001 0.88

Trunk inclination angle� shoulder flexion angle LUT 35.5 3.6 163.8 <0.001 0.436
RUT 38.6 2.9 133.5 <0.001 0.456
LLT 44.2 4.0 185.4 <0.001 0.49
RLT 19.1 3.8 175.9 <0.001 0.293
LAD 0.7 4.5 204.8 0.585 0.016
RAD 2.3 4.0 183.9 0.059 0.048
LES 11.2 5.2 240.0 <0.001 0.196
RES 7.2 5.1 234.2 <0.001 0.135
RPE 12.7 6.6 302.0 <0.001 0.216

Note: SS: sum of squares; MS: mean squares; LUT: left upper trapezius; RUT: right upper trapezius; LLT: left lower trapezius; RLT: right lower trapezius;
LAD: left anterior deltoideus; RAD: right anterior deltoideus; LES: left erector spinae; RES: right erector spinae; RPE: rating of perceived exertion.
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3.2. Regression equations

Stepwise multiple regression analysis was used to
assess quantitative relationships between levels of

trunk inclination angle and arm angle as well as
muscle activity and RPE. Final results of predicting
models are presented in Table 2. The Breusch-Pagan
test of homoscedasticity revealed significance for all

(a)

(b)

(c)

(d)

Figure 3. Averaged muscle activity according to trunk inclination angle (T) and arm lifting angle (S).
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muscles and RPE. The Durbin-Watson test indicated a
violation of independent errors for all muscles and
RPE. Therefore, heteroscedasticity-consistent and cor-
rected standard error estimates according to Hayes
and Cai (2007) were used. All predictors of each model
shown in Table 2 revealed significance. Since, in add-
ition to linear relationships between the predictor vari-
ables and the outcome variables, there are also
quadratic and interaction relationships, each model
contains more than two coefficients.

3.2.1. Upper trapezius
Muscle activity of LUT and RUT shows a quadratic
dependence on trunk inclination angle and arm angle.
Based on previous studies, the influence of arm angle
on LUT/RUT tended to be higher. Therefore, arm lifting
was entered first in the models of LUT and RUT. Based
on the significant interaction of trunk inclination angle
and arm angle, an interaction term is included in the
model as well. The final models for predicting muscle
activity of LUT and RUT were significant (p<.001). The
models explained more than 50% of the
total variance.

3.2.2. Lower trapezius
The relationships between LLT and RLT and trunk
inclination angle and arm angle, respectively, were
found to be linear. Based on previous findings, the
influence of arm angle on LLT and RLT was found to
be higher. Therefore, arm lifting was entered first in
the models of LLT and RLT. Based on the significant
interaction of trunk inclination angle and arm angle
an interaction term is included in the model as well.
The final models for predicting muscle activity of LLT
and RLT revealed significance (p<.001). The model of
LLT explained 60% of the total variance, the model of
RLT explained 55% of the total variance.

3.2.3. Anterior deltoid
Muscle activity of LAD and RAD show a quadratic
dependence on trunk inclination angle and arm angle.
Based on a pre-study, the influence of arm angle on
LAD/RAD tended to be higher. Therefore, arm lifting
was entered first in the models of LAD and RAD. Since
there was no significant interaction of trunk inclination
angle and arm angle on LAD and RAD, an interaction
term is not included in the model. The final models
for predicting muscle activity of LAD and RAD
revealed significance (p< 0.001). The models explained
less than 20% of the total variance.

Figure 4. Averaged RPE according to trunk inclination angle (T) and arm lifting angle (S), error bars.

Table 2. Output of final regression equations for predicting muscle activity and RPE.
OV PVs b0 b1 (T

2) b2 (S
2) b3 (T) b4 (S) b5 (T� S) Sig. Adj. R2 F df1 df2 SEE

LUT S2, T2, T� S �0.099 �0.394 0.276 1.719 <0.001 0.525 434.323 3.0 748.0 6.853
RUT S2, T2, T� S 0.319 �0.423 0.256 1.722 <0.001 0.519 165.983 3.0 748.0 6.792
LLT S, T, T� S 0.796 0.222 0.211 2.629 <0.001 0.603 276.074 3.0 748.0 9.136
RLT S, T, T� S �0.333 1.222 1.225 2.071 <0.001 0.550 255.649 3.0 748.0 9.479
LAD S2, T2 7.964 0.251 0.827 <0.001 0.174 77.09 2.0 749.0 10.723
RAD S2, T2 7.615 0.184 0.691 <0.001 0.147 62.614 2.0 749.0 9.727
LES T2, S2, T� S 8.266 �0.328 0.124 1.902 <0.001 0.277 75.965 3.0 748.0 11.808
RES T2, S2, T� S 9.033 �0.351 0.209 1.785 <0.001 0.264 78.253 3.0 748.0 12.006
RPE S2, T2, T� S �1.027 0.516 0.601 0.188 <0.001 0.608 467.532 3.0 748.0 1.320

Note: OV: outcome variable; PVs: predictor variables; b: coefficients; T: trunk inclination angle; S: arm lifting angle; SEE: standard error estimator; LUT: left
upper trapezius; RUT: right upper trapezius; LLT: left lower trapezius; RLT: right lower trapezius; LAD: left anterior deltoideus; RAD: right anterior deltoi-
deus; LES: left erector spinae; RES: right erector spinae; RPE: rating of perceived exertion.
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3.2.4. Erector spinae
Muscle activity of LES and RES show a quadratic
dependence on trunk inclination angle and arm angle.
Based on previous findings, the influence of trunk
inclination angle on LES and RES was found to be
higher. Therefore, trunk inclination angle was entered
first in the models of LES and RES. Based on the sig-
nificant interaction of trunk inclination angle and arm
angle an interaction term is included in the model as
well. The final models for predicting muscle activity of
LES and RES revealed significance (p< 0.001). The
models of LES and RES explained more than 25% of
the total variance.

3.2.5. Perceived exertion
Investigation of the relationships between RPE and
trunk inclination angle and arm angle revealed them
to be linear. Based on previous findings, the influence
of arm angle on RPE was found to be higher.
Therefore, arm lifting was entered first in the model of
RPE. Based on the significant interaction of trunk
inclination angle and arm angle an interaction term is
included in the model as well. The final model for pre-
dicting RPE revealed significance (p< 0.001). The
model of RPE explained 60% of the total variance.

4. Discussion

The purpose of this study was to investigate empirical
data of interaction effects of working postures and to
derive a quantitative approach to describe changes in
muscle activity and RPE. Previous studies conducted
investigations of several parameters influencing mus-
culoskeletal exposure, for example, joint angles, dur-
ation and frequency of exposure time or grip force,
e.g. Bosch et al. (2012), Burdorf (1992), Farooq and
Khan (2012) or O’Sullivan and Gallwey (2002).
However, only a small number investigated interaction
effects of working postures in a systematic way. This
study revealed significant interaction effects of work-
ing postures on muscle activity and RPE.

Our findings are in line with those of Lim, Jung,
and Kong (2011), who investigated upper-limb work-
ing postures related to trunk inclination and arm lift-
ing and stated significant effects on several muscles
like ES, UT, LT and AD. However, to our knowledge no
further investigations of trunk inclination and arm lift-
ing on muscle activity have been conducted so far.
Results of Hellig, Mertens, and Brandl (2018) showed
that muscle activity in the shoulder depends on arm
lifting angle between the frontal plane and the upper
arm, since muscle activity is highly dependent on the

lever arm between the load and the joint pivot in the
shoulder. Therefore, an increase in arm angle causes
an increase in muscle activity of the shoulder muscles
UT and LT. The effect of an interaction between trunk
inclination and arm lifting is shown in muscle activity
of the shoulder muscles as an increasing trunk inclin-
ation decreases muscle activity of UT and LT even for
large arm angles. The reason for this effect can be
found in the increasing blood flow of shoulder
muscles during increased trunk inclination. The
increased trunk inclination leads to a decreased height
of the upper arm and an increased oxygen supply of
the muscles UT and LT. This reduces the metabolism
of the muscle and thus muscle activity (Lin
et al. 2010).

An increase of trunk inclination has an increasing
effect on muscle activity of the ES. As the function of
the ES allows the trunk to be upright against gravity
by a contraction of ES, muscle activity of ES depend-
ens on the lever arm between the load and the pivot
of the back and, consequently, the torque generated
by the load (J€ager and Luttmann 1989). Therefore, an
increase of muscle activity of ES can be found for
increasing trunk inclination. Furthermore, for an
increase of trunk inclination from 40� to 60� a decreas-
ing muscle activity was found. The increase in abdom-
inal oressure can be considered as major effect for
this course of muscle activity in ES (J€ager and
Luttmann 1989). Therefore, our results extend those of
Sakamoto and Swie (2003), who investigated muscle
activity of the ES and the lower limb in dependence
on the single factor trunk inclination angle, which was
varied between 0 and 180�. Sakamoto and Swie (2003)
reported an increasing muscle activity of ES with
increasing trunk inclination angle, which reached max-
imum activity at 90� trunk inclination.

The second purpose of this study was to describe
the relationship between body posture angles and
musculoskeletal load quantitatively. For this purpose, a
regression model for the prediction of muscle activity
and RPE was developed. The determination coeffi-
cients of the regression equations ranged from
medium (R2 ¼ 0.147) to large (R2 ¼ 0.608).
Determination coefficients (adjusted R2) were inter-
preted as trivial (<0.02), small (0.02–<0.13), medium
(0.13–<0.25) and large (>0.25) effects according to
Cohen (1992). A medium degree of variance in muscle
activity of LAD (R2 ¼ 0.174) and RAD (R2 ¼ 0.147) as
well as LES (R2 ¼ 0.277) and RES (R2 ¼ 0.264) is
explained by the factors trunk inclination angle and
arm angle. Hence, other factors influencing muscle
activity of LAD and RAD as well as LES and RES seem
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to apply. Since experimental conditions were kept
constant, personal factors influencing muscle activity
are plausible, such as physical fitness level influencing
relative personal strength in relation to maximum vol-
untary contraction or anthropometry. Nevertheless,
regression equations of LAD, RAD, LES and RES were
found to be statistically significant, which indicates
that regression equations are significantly different
from zero. Since regression coefficients assess the rela-
tionship between predictor and outcome variable, an
agreement of coefficients of left and right muscles
emphasises the consistency of the collected data.
Subsequently, the validity of derived regression equa-
tions of LAD and RAD as well as LES and RES is
emphasised by this fact (see Table 2). Trunk inclination
and arm lifting showed quadratic relationships to
muscle activity of LAD, RAD, LES and RES. Therefore,
these predictors are recognised in quadratic terms in
the regression equations of muscle activity of LAD,
RAD, LES and RES. A regression coefficient of nearly
1.9 and 1.8 representing interaction of trunk inclin-
ation and arm lifting in LES and RES, respectively,
shows the great influence of the interaction effect on
muscle activity in these muscles. It seems plausible
that interaction of trunk inclination and arm lifting is
caused by two lever arms and, consequently, an
increased torque generated by these lever arms. In
contrast, the small coefficients of trunk inclination and
arm lifting show a very small influence of these factors
on muscle activity. This is further evidence of the high
relevance of interaction effects on musculoskel-
etal load.

Determination coefficients of LUT (R2 ¼ 0.525) and
RUT (R2 ¼ 0.519) are large. Therefore, a relatively high
amount of variance in muscle activity of LUT and RUT
is explained by the factors trunk inclination angle and
arm angle and their interaction. Regression coefficient
of interaction of trunk inclination and arm lifting is
approximately 1.7, which indicates a great influence of
interaction of these factors on muscle activity in LUT
and RUT. The small coefficients of trunk inclination
and arm lifting emphasise the small influence of the
single factors on muscle activity in LUT and RUT. A
negative coefficient of trunk inclination shows an
opposite direction of the effect of trunk inclination on
muscle activity on LUT and RUT. Increasing trunk
inclination reduces arm height and, therefore, contrib-
utes to an increased blood flow in LUT and RUT,
which decreases muscle metabolism and, conse-
quently, decreases muscle activity. Similar effects
could be observed by Lin et al. (2010), who

investigated the influence of arm lifting on subject-
ive discomfort.

Determination coefficients of LLT (R2 ¼ 0.603) and
RLT (R2 ¼ 0.550) are large and, therefore, effects of
trunk inclination and arm lifting and their interaction
contribute extensively to explaining variance in muscle
activity of LLT and RLT. Again, regression equations of
LLT and RLT reached significance. The relatively high
coefficients of interaction underline the great influence
of interaction of trunk inclination and arm lifting on
LLT and RLT.

Finally, the determination coefficient of RPE
(R2¼0.608) was large, explaining a relatively high
degree of variance in RPE using trunk inclination and
arm lifting. In contrast to muscle activity, the inter-
action term of trunk inclination and arm lifting only
influences RPE to a limited extent. As a limiting factor
in the interpretation of RPE, consideration must be
given to cognitive processes. According to Karwowski
et al. (1999), significant relationships between RPE and
cognitive appraisal of weights are evident. Therefore, a
significant increase in RPE can be caused by the com-
bination of large joint angles, e.g. in this study the
combination of 60� trunk inclination and 90�

arm lifting.
The goal of decreasing musculoskeletal load can be

supported by the use of prediction equations to calcu-
late muscle activity and RPE, i.e. during the planning
phase of a new work place or during an revision
phase of an existing workplace. In order to use the
regression model developed in this study for an inves-
tigation of musculoskeletal injury risk, a threshold of
muscle activity has to be set as a guideline.
Depending on blood circulation to continue oxygen
supply of the muscle, contractions of more than
15–20% MVC should be avoided (Kroemer 1989;
Bj€orkst�en and Jonsson 1977). Exceeding this limit of
maximum contraction would cause an internal muscle
pressure which exceeds the blood pressure, leading to
a shortage of oxygen in the muscle. The thresholds
suggested by Kroemer (1989) and Bj€orkst�en and
Jonsson (1977) were derived from an investigation of
increase of inner muscle temperature. During those
investigations, one leg was severely undercooled by a
water bath. Subsequently, the temperature increase
during different static muscle contractions were inves-
tigated. During contractions of not more than 15%
MVC increasing muscle temperatures were obtained.
This increase in temperature indicates an increase in
blood flow through the muscle. No increase of muscle
temperature could be observed during contractions of
20% MVC and above. McNeil et al. (2015) confirmed
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the thresholds by an investigation of blood velocity
and arterial diameter with Doppler ultrasound.

Depending on observation based analyses of work-
ing postures, a calculation of arising muscle activities
is possible by using the prediction equations of the
introduced regression model. An increased risk must
be assumed if the muscle activity of at least one
muscle exceeds 15–20% MVC.

However, the introduced prediction model only
provides an indication of musculoskeletal load of
working postures. Further factors like load weight,
force levels or cognitive influences on workload are
not considered by this model.

Nevertheless, the results of our investigation show
the complexity of interaction effects, even though
only interaction effects of two factors were investi-
gated. One way to simplify a consideration of inter-
action effects during the assessment of working
postures could be an integration of our regression
model into methods for an assessment of range sen-
sor based analysis of posture data. The use of range
sensors would help decrease the workload of sam-
pling posture data and considering interaction effects
would increase the reliability of the assess-
ment results.

However, there are some limitations to this study
which have to be considered in the interpretation of
the results. First, only static working postures were
investigated in this study. To meet the demands of
use in practice, dynamic working postures have to be
considered too.

The muscles investigated in this study may be con-
sidered representative of musculoskeletal load in
upper limbs. However, there are arguments for and
against selecting the muscles investigated in this
study. Therefore, it should also be noted that the
shoulder girdle is a complex area (Kadefors et al.
1999) and several muscles in this area are related to
shoulder joint movement like flexion or extension
(Iridiastadi, Nussbaum, and van Die€en 2008). Since the
determination coefficients of LUT and RUT, as well as
LLT and RLT, were found to be high, it can be
assumed that muscle activity in these muscles is influ-
enced to a significant extent by trunk inclination and
arm lifting and their interaction.

Furthermore, in this study absolute values of inclin-
ation angles were used. Using absolute values and val-
ues relative to the individual range of motions is a
controversial issue. Since this study tries to deliver
results of practical relevance, we decided to investi-
gate absolute values, because in practice work tasks,
for example, the assembly of products or toll

mounting in machinery, can usually not be aligned to
the individual body dimensions of the working person.

Moreover, since polynomials of 2nd degree are
used in this work, overfitting might be a danger in
deriving regression equations. Since the experimental
design has been changed in comparison to pre-stud-
ies, courses of muscle activity could be almost linear-
ised and the danger of overfitting could be reduced
to a minimum.

There are also limitations regarding the participants
of this study. Only young persons in good physical
condition were tested. Therefore, discrepancies
between these young participants and people working
in industry may be found. However, since industrial
workers are physically fit due to their daily activities,
the young and healthy participants of this study repre-
sent industrial workers adequately, despite some dif-
ferences regarding motor strategies and muscle
fatigue (Iridiastadi and Nussbaum 2006). Additionally,
this study focussed on the investigation of static pos-
tures. However, practical relevance can be increased
by the consideration of dynamic movements of body
parts. Since this study is a first step towards the quan-
tification of interaction effects, the consideration of
static postures is the first step of such quantification.
Finally, in this study the Kinect was used to monitor
the accuracy of the investigated working postures.
This may result in a slightly higher deviation from the
permissible angle range of ± 5�. However, since sev-
eral studies have shown a good accuracy of posture
data captured by the Kinect and since the Kinect was
placed according to the recommendations of several
scientific study results, high data accuracy can
be assumed.

5. Conclusion

This study investigated interaction effects of working
postures. The results showed significant interaction of
working postures on the dependent variables repre-
senting musculoskeletal and subjective load.
Furthermore, a prediction model of musculoskeletal
and subjective load depending on trunk inclination
and arm lifting was derived. To meet the overall need
to decrease MSD to a significant extent, a consider-
ation of interaction effects of working postures is
required. The need for easy-to-use methods may be
achieved by the development of exposure assessment
methods depending on posture data. The introduced
regression model contributes towards the develop-
ment of such methods.
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