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ABSTRACT

ARTICLE HISTORY

Occupational kneeling and squatting are well-documented risk factors for knee disorders. A
method using 3 wireless accelerometers to detect and discriminate kneeling and squatting during work were developed based on data from a semi-standardised laboratory protocol. The
method was tested for validity under free-living working conditions. The developed method
showed high sensitivity (88–99%) and specificity (98–99%) for detection of kneeling and squatting during the semi-standardised laboratory conditions. During free-living working conditions,
kneeling showed very high sensitivity (94%) and specificity (99%), while squatting results were
non-conclusive due to limited duration of squatting during the free-living working conditions.
This method shows great promise for long-term technical measurement of kneeling and squatting during normal working conditions using wireless accelerometers. The method opens up
possibilities for using technical measurements to provide valid exposure assessments and intervention evaluations of kneeling and squatting, as well as increased feasibility for technical measurements in large cohort studies.
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Practitioner summary: Quantification of kneeling and squatting during work is important for
prevention, but limited by either imprecise or costly methods. This study developed and validated an inexpensive wireless accelerometer-based measurement method that can be used by
practitioners and researchers for long-term measurements of kneeling and squatting during
free-living working conditions.
Abbreviations: CUELA: computer-based measurement and long-term analysis of stresses upon
the musculoskeletal system; IDEEA: intelligent device for energy expenditure and activity; NWC:
normal working conditions; LUC: legs under chair; FOF: flat on floor; ISO: International
Organization for Standardization

Introduction
Kneeling and squatting postures often occurs in occupations such as miners, floor layers and construction
workers (Botje et al. 2010; Jensen 2005; Jensen and
Eenberg 1996; Sharrard 1965). Occupational kneestraining postures, such as kneeling and squatting are
well documented to increase the risk for knee pain
(Miranda et al. 2002; Herquelot et al. 2014; Descatha
et al. 2011), chronic knee pain (Herquelot et al. 2015),
meniscal tears (Snoeker et al. 2013; Jensen, Rytter, and
Bonde 2012), knee osteoarthrosis (McWilliams et al.
2011; Coggon et al. 2000), and radiologically determined knee cartilage degeneration (Jensen, Rytter,
and Bonde 2012; Amin et al. 2008; Jensen et al. 2000).
However, these studies have primarily quantified
exposure to occupational kneeling and squatting via
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self-reports, which generally suffer from inconsistencies and bias (Koch et al. 2016; Kwak et al. 2011;
Gupta et al. 2018). The majority of studies investigating the agreement between self-reported and
observed duration of knee-straining postures during
work found a poor agreement (Jensen et al. 2000;
Pope et al. 1998; Viikari-Juntura et al. 1996; Burdorf
and Laan 1991; Klussmann et al. 2010; Ditchen et al.
2013). Therefore, technical measures or observations
are to be preferred for quantification of kneeling
and squatting.
While observations can give valid and precise information of whole-body ergonomic exposures, they are
time consuming and costly, which often leads to short
duration or few participants included (Trask et al.
2014). Meanwhile, technical measurements by intricate
National Research Centre for the Working Environment, Lersø Parkalle 105,
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range of motion systems (e.g. CUELA, IDEEA,
DynaPort) show great validity and precision for detection and quantification of kneeling and squatting
(Burdorf et al. 2007; Ditchen et al. 2015). However,
these intricate wired technical systems are still quite
expensive, bulky and cumbersome, with a relatively
limited battery capacity, making them unfeasible for
long-term measurements in large study populations
under normal working conditions.
To improve guidelines and prevention efforts in
regards to occupational kneeling and squatting, studies are recommended to measure kneeling and squatting using technical measurement systems during full
workdays (Burdorf et al. 2007; Ditchen et al. 2015;
Ditchen et al. 2013), across several consecutive workdays and among many participants (Samuels,
Lemasters, and Carson 1985), and to collect information on participant health status over time. For this
purpose, more cost-effective and less intrusive exposure assessment methods than observations or intricate
technical systems are required (Trask et al. 2014;
Mathiassen, Liv, and Wahlstrom 2013).
The objective of this study was therefore to
develop and validate an unintrusive method aiming to
identify and quantify duration of kneeling and squatting across several workdays by use of three small
wireless triaxial accelerometers worn on the back,
thigh and calf.

Methods
Participants
For method development in a semi-standardised
laboratory setup, we recruited a sample of office workers. For appropriate evaluation of the developed
methods validity in an occupational setting in which
kneeling and/or squatting occur, we recruited a sample of construction workers. The number of participants included was based on the sample size of
previous studies (Skotte et al. 2014; Stemland et al.
2015; Korshøj et al. 2014).
Criteria of inclusion for the construction workers
were expected work tasks likely to include kneeling
and/or squatting during the planned observational
period. Criteria of exclusion for both office and construction workers were severe allergy to band-aid, using
pacemaker, pregnancy, fever on the day of testing or
trauma that hindered normal performance of or functionality during kneeling and/or squatting position.
Participants were informed of the general aims of
the study and gave a written consent to participate.
All procedures were performed according to the

declaration of Helsinki. The study was verified by The
Danish Ethics Committee (j.nr. 18005389) to be
approved via the National Research Centre for the
Working Environments authorisation for low risk noninvasive studies on healthy consenting adults.

Participants
The final sample size for the laboratory protocol consisted of 20 office workers (mean age 32 ± 9 years;
mean height 175 ± 7 cm; mean weight 75 ± 14 kg; 50%
male), and 11 construction workers for the normal
working conditions (NWC) protocol (mean age 39 ± 13
years; mean height 177 ± 7 cm; mean weight
81 ± 11 kg; 100% male). The construction workers consisted of 4 painters, 4 plumbers and 3 carpenters.
Instrumentation
All participants were fitted with 3 AX3 accelerometers
(3-Axis Logging Accelerometer; Axivity Ltd., Newcastle
upon Tyne, UK) which sampled acceleration (dynamic
range ±8 G) in three directions with a sampling frequency of 25 Hz. The AX3 accelerometers were initialised for recording, and data were downloaded using
the manufacturer’s software (OMGUI Version 1.0.0.30).
The accelerometers were positioned at the right
thigh (frontal, midway between the iliac crest and
patella), right calf (posterior, just below the gastrocnemius insertion), and on the back of the trunk (medial,
at the T1/T2 level). The accelerometers were oriented
with the x-axis downwards, y-axis sideways and z-axis
pointing outwards from the body surface.

Observational methods
All participants were continuously filmed using a
handheld camera (Garmin Virb Elite; Garmin
International Inc., Kansas City, US) recording 1 frame
per second. The recordings were dually annotated
frame by frame into specific body positions following
a standardised manual, by two blinded observers.
Annotating was performed in custom-made video
player software (MATLAB 6.5.2; Version R13SP2;
MathWorks Inc., Natick, Massachusetts, US).
The annotated body positions were; ‘kneeling’
defined as ‘one or both knees touching the ground,
acting as the primary weight bearing structures’,
‘squatting’ including both full and partial squatting
positions and defined as ‘hip and knees are bent, with
the thigh having less than a 45 angle from horizontal
and with the feet as the only weight bearing structure’. Additionally, previously validated body positions
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and physical activity types by the Acti4 software, were
also annotated i.e. ‘running’, ‘stair walking’, ‘walking’,
‘moving’, ‘standing’, ‘sitting’, ‘cycling’ and ‘lying’
(Skotte et al. 2014). Body positions not covered by the
standardised manual were classified as ‘other’. The category ‘invisible’ was also included because an obstacle
could occasionally obstruct line of sight to the participant during filming.
During observation of construction workers, the
participant was only filmed when present at the area
of the primary work task, potentially leading to several
video observations per participant. Activities away
from the primary work task were initially determined
to primarily consist of non-kneeling or non-squatting
postures as the worker fetched materials or tools, or
took breaks. The video camera internal clock had no
detectable drift during the two-hour observational period.

Procedures
Reference position and synchronisation
At the beginning and end of each observation, the
participants were asked to make a reference measurement by standing still in a normal upright position for
10–15 seconds, then make a sudden small jump and
stand still again for 10–15 seconds. This reference
measurement was used to calculate the orientation
between accelerometer axes and the three body segments (trunk, thigh and calf). For each accelerometer
an orientation matrix was obtained determining the
relation between the accelerometer coordinate system
and the segment’s coordinate system, and coordinate
transformation of the recorded accelerometer data
was then carried out by standard matrix multiplication.
The reference data were obtained as average values
for a time window of 5–10 second where the participant was immobile. From the acceleration spike,
caused by the jump, the synchronisation between
accelerometers recordings could be ensured. The
beginning of the acceleration spike was also used for
synchronisation with the first frame of the small jump
observed in the video recording(s).
Semi-standardised laboratory protocol
After attaching the accelerometers to the participant
and performing the synchronisation procedure, participants were asked to undertake 4 work tasks chosen to
mimic work assignments in which kneeling and squatting naturally occur; (1) painting a floor in a kneeling
position (5 min), (2) painting a wall section just above
the baseboard area in a squatting position (5 min), (3
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and 4) assembly and disassembly by hand-held tools
of mechanical parts simulating a plumber servicing a
washing machine, body positions were randomly
assigned to assembly and disassembly for each participant such that they performed kneeling once and
squatting once (2  5 min). Participants were freely
allowed breaks from the work tasks, but were asked
to only perform the work task in the designated body
position. Between tasks, participants were asked to
undertake the following recovery activities: sitting on
a chair with legs tucked under the chair (1 min), sitting
on the floor with legs in front of you (1 min), lying on
the stomach and back (30 s each), lying on their sides
(30 s each side). Participant task and break order were
randomised using an online randomiser based on
atmospheric noise (random.org List Randomiser performed on 22 June 2018; Randomness and Integrity
Services Ltd., Dublin, IE). Immediately after finishing
the above tasks, the participant were asked to perform
regular daily activities for 15 minutes, which had to
include a minimum of 2 bouts from each of the following activities; sitting, standing, walking, stairwalking, running and cycling.

Normal working conditions (NWC) validation protocol during construction work
After attaching the accelerometers to the participating
construction workers and performing the reference
position and synchronisation procedure, the participants were asked to continue with their regular workday routines. The video observer tailed each of the
participants for 2 hours (i.e. a quarter of an average
workday). This was to allow for a better statistical
chance of capturing the true mean of the group
within our allocated observer time budget (Samuels,
Lemasters, and Carson 1985; Mathiassen, Liv, and
Wahlstrom 2013).
Data analyses
A dedicated software system was developed, and all
calculations were performed using the Matlab tool
(MATLAB 6.5.2; Version R13SP2; MathWorks Inc.,
Natick, Massachusetts, US) to detect kneeling and/or
squatting posture by the recordings from the 3 accelerometers. The system is an extension of the Acti4
software, for which the methods of accelerometer
data processing into acceleration and inclination outcomes, as well as activity classifications and principal
methods for establishing thresholds, has been
described previously (Skotte et al. 2014; Stemland
et al. 2015; Ingebrigtsen et al. 2013). Data visualisation

4

P. F. HENDRIKSEN ET AL.

Figure 1. Position of accelerometer unit on the lower leg. The
axes of the accelerometer are denoted [x,y,z] and [X,Y,Z]
denote the orientation of the lower leg. The figure shows the
reference position (normal standing) used for calculation of
the rotation between the accelerometer and lower leg coordinate systems.

was handled in Excel (Excel 2013; version
15.0.5067.1000; Microsoft Corporation, Redmond,
Washington, US.).

Detection of kneeling
During kneeling, one or both lower legs are nearly
horizontal, thus the principle idea for detecting the
kneeling position was to detect when the instrumentalized leg was almost horizontal. To investigate this,
the inclination (range 0:180 ) of the lower leg was calculated as the angle between the line of gravitation
and the downwards axis X of the lower leg. Moreover,
the angle U between the horizontal plane and the
dorsal axis Z was calculated; this angle range 90:90 ,
where positive values correspond to Z-axis above the
horizontal plane and negative values below the horizontal plane (Figure 1). For kneeling postures, U would
be positive and presumeably around 70–90 , which
can be used to distinguish kneeling from ‘mermaidlike’ or other postures in which the calf is also horizontal but tilted.
Detection of squatting
During squatting, the lower legs are typically somewhat tilted forwards with the thigh being almost horizontal or tilted slightly backwards, with the hamstrings
resting on the calves. The principle idea for detecting
squatting is therefore to investigate if a subset of calf
and thigh inclinations correspond to the squatting
position and can be differentiated from other closely
related positions. Therefore, we mapped the inclination angles of thigh and calf in an [X,Y] grid to create
a two-dimensional lower limb activity map, as exemplified in Figure 2. A squatting posture with nearly

Figure 2. Two-dimensional lower limb activity map as a product of the inclination of the thigh and calf. The light grey
‘clock hand’ represents the thigh, the dark grey ‘clock hand’
represents the calf, with the knee facing left. Positive inclination scores indicate movement towards knee-flexion. The
greyed out area designate physiologically implausible scenarios with either severe overstretching of the knee, or the calf
and thigh passing each other. Lines have been inserted as
rough estimations of thresholds for the investigated activities
and activities already recognised by the Acti4 software as
exemplified by ‘sitting/lying’.

horizontal lower legs can be performed, meaning
there could be some potential overlap with the detection of kneeling. Furthermore, sitting and especially
sitting on a chair with legs bent under the chair could
potentially mimic the squatting posture. Therefore, it
should be a high priority to have a very high specificity of measurement to avoid misclassification of less
knee-straining activities as squatting.

Statistical analyses
The statistical analyses were carried out using custom
made Matlab software. All video observations classified as ‘uncertain’ or ‘invisible’ and the corresponding
Acti4 registration were excluded from analysis.
Interrater reliability between video observers was calculated using Cohen’s Kappa coefficient (Cohen 1960).
The data for calculation of the kappa coefficient consisted in one series for each observer in which each
data point was 1 or 0 corresponding to ‘activity’ or
‘not-activity’ for each investigated activity variable.
Observer non-agreements were excluded from analysis
of sensitivity and specificity, as the non-agreements
were primarily during the transition phase from one
activity to the next.
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The ability of Acti4 to detect kneeling or squatting
postures compared to video assessment (golden
standard) was evaluated by calculation of sensitivity
and specificity parameters (sensitivity: percentage of
correctly measured cases of ‘activity’, specificity: percentage of correctly measured cases of ‘non-activity’).
We also evaluated the sensitivity and specificity of
combining the detected kneeling and squatting postures as a representation of the general term ‘kneestraining’ postures. To match the output of the Acti4
software, the output of the Observer software were
transformed to a second by second classification.

Results
Observations
For the laboratory protocol, the mean observed duration of each participant was 0.68 (±0.04) hours. For
the NWC protocol, the mean observed duration of
each participant was 1.96 (±1.38) hours. A total of
13.58 hours were observed from 20 video observations
for the laboratory protocol, while a total of 21.56 hours
were observed from 35 video observations for the
NWC protocol. A total of 2 minutes or 0.24% of the
observed duration for the laboratory protocol were
annotated as uncertain or invisible, while 7 minutes or
0.54% of the observed duration for the NWC protocol
were annotated as uncertain or invisible
The inter-rater agreement between annotators for
kneeling, squatting and the combination of kneeling
and squatting as knee-straining is displayed in Table 1.
Table 1. Inter-rater agreement between the two observers in
the
laboratory
and
normal
working
conditions
(NWC) protocols.
Kneeling
Inter-rater
agreement
Laboratory
NWC

Percent
agreement
0.999
0.994

j
0.997
0.985

Squatting
Percent
agreement
0.990
0.999

j
0.971
0.909

Knee-straining
Percent
agreement
0.989
0.994

j
0.979
0.985

Agreement is presented as percent agreement and kappa values, with 1
being perfect agreement.
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For the laboratory protocol, sitting was also evaluated
and had an inter-rater agreement j of 0.979.
As shown in Table 2, approximately 3 hours of
kneeling and 2.6 hours of squatting data were collected in the laboratory, covering a total of 66 instances of kneeling and 142 instances of squatting. In the
NWC protocol just over 5 hours of kneeling and 11
minutes of squatting data was collected, covering a
total of 223 instances of kneeling and 41 instances of
squatting. Additionally, approximately 1 hour of sitting
data from the last part of the laboratory protocol was
collected. Sitting were divided into 27.65 minutes of
sitting from the regular daily activities as ‘Sitting Free’,
16.43 minutes of sitting with legs tucked under the
chair as ‘Sitting LUC’ and 15.53 minutes of sitting on
the floor as ‘Sitting FOF’.

Method development
All annotated kneeling, squatting and sitting data
were plotted into an [X,Y] graph with the thigh inclination on the X-axis and the calf inclination on the Yaxis. Other activities recognised by Acti4 were omitted
for the laboratory protocol as they did not lie on the
intersections of the previously visualised thresholds
(Figure 2). A representative example of this is shown
in Figure 3, which has been reduced to a random subset of 4,500 data points (75 minutes) split evenly
between the kneeling, squatting and the three subtypes of sitting activities used for the calibration.
By examining the graph visually (Figure 3), and by
calculation histograms with 1 increments for all calf
and thigh inclinations separately (data not shown), 4
threshold values were detected for determination of
squatting, kneeling and sitting. Calf inclinations
around 80–90 seemed to divide kneeling from squatting and sitting, leading to investigations of the first
calf inclination threshold ‘C1’. The primary bulk of
squatting data seemed to be between threshold C1
and calf inclinations of 0–20 , leading to the second
calf inclination threshold ‘C2’. Additionally, a clear cleft
existed between squatting and sitting positions, with

Table 2. Mean and total time spent in kneeling and number of instances (counts) for the activities kneeling, squatting and
knee-straining.
Protocol
Activity
Mean time spent (min/participant)
Total time spent (min)
Mean count (n/participant)
Total count (n)

Laboratory
Kneeling
9.0
179.0
3.3
66.0

Squatting
8.2
163.8
7.1
142.0

NWC
Knee-straining
17.1
342.9
9.2
184.0

Kneeling
29.0
319.3
20.3
223.0

Squatting
1.0
11.0
3.7
41.0

Knee-straining
30.0
330.3
24.0
264.0

Data are presented from the twenty laboratory and eleven normal working condition (NWC) protocol participants. Duration is presented in minutes
(min), events are presented as counts (n), as the average per participant and the summed total respectively.
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Figure 3. [X,Y] Graph displaying calf and thigh inclination for a random representative subsample with 900 data points
(or 15 minutes) in total from the 20 laboratory participants for each of; ‘Kneeling’, ‘Squatting’, Sitting during free living ‘Sitting
Free’, sitting with legs tucked in under the chair ‘Sitting LUC’ and sitting on the floor ‘Sitting FOF’.

Figure 4. Calf angle histogram depicting squatting and kneeling from calf inclinations ranging from 75 to 104 from the 20
laboratory participants. The data range was limited to 74 to 105 of calf inclination to improve resolution on the Y-axis.

squatting being above the cleft. This division of squatting and sitting follows a linear expression
(i.e. Y ¼ AX þ B). Initially the linearity of this division
was assumed to have a slope value of 1 and a Y-axis
intercept of 130 , which were in line with the
expected data proportionality due to the hamstrings
resting on the calves. Slope value ‘A’ and Y-axis intercept ‘B’, for a linear equation threshold ‘L1’ needed to
be determined. Furthermore, for thigh angles of
80–110 in the area above 80 of calf inclination, there
seemed to be some overlap of squatting and kneeling,
which instigated an investigation of a thigh threshold ‘T1’.

For the calf threshold C1, the calf inclination angle
histogram from 75 to 105 degrees (Figure 4)
revealed that the overlap between squatting and
kneeling started around 83 and was dominated by
kneeling posture around 87–88 .
Sensitivity and specificity for the potential C1 inclination threshold range were calculated with 0.5 increments (Figure 5). Kneeling sensitivity dropped
marginally from 84.5 onwards with a sharper decline
starting around 86 , kneeling specificity steadily
increased as calf inclination increased. As kneeling was
primarily replaced with squatting in this range, squatting exhibited the reverse results with specificity
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Figure 5. Laboratory protocol sensitivity and specificity for detection of kneeling (squares) and squatting (circles) posture.
Sensitivity and specificity is calculated for calf inclinations of 83 to 88 with 0.5 increments to determine the calf inclination
threshold ‘C1’.
Table 3. Confusion matrix for Acti4 classification versus
observed classification of kneeling, squatting and sitting/lying
activities from the twenty laboratory participants.
Acti4 classification
Observed classification
Kneeling
Squatting
Sitting Free
Sitting LUC
Sitting FOF
Total

Kneeling

Squatting

Sitting/lying

Total

10,665
370
0
11
0
11,046

9
8,674
0
8
0
8,691

59
780
1,659
967
932
4397

10,733
9,824
1,659
986
932
24,134

Values represent the number of 1 second periods either correctly classified
or misclassified. Bold values indicate the number of correct classifications.

starting to decrease from 84.5 and sensitivity
increased steadily as calf inclination increase.
As previously stated, a high specificity for detection
of squatting as possible was warranted. Thus, the calf
inclination threshold for C1 was set to 84 , before the
specificity of squatting started to drop. This process
was repeated for threshold C2 and T1, as well as the
slope and intercept value of threshold L1 (data not
shown). Additionally, confusion matrixes of the classifications were generated throughout the process to discard any thresholds with misclassification of observed
Sitting Free as squatting by the tested thresholds,
additionally misclassification of observed Sitting LUC
as squatting were kept at a minimum. Table 3 displays
the final confusion matrix.
After all 4 threshold values had been established and
implemented; the process to check the sensitivity of
each threshold value to the other newly established
threshold values (data not shown) was repeated.
Threshold values remained unchanged during this process and were considered to be stable. The final thresholds to detect squatting and kneeling based on calf and
thigh inclination angles are displayed in Table 4.

Moreover, a threshold value for the U angle (i.e. the
tilt of the lower legs) was set to 45 (U > 45 ), which
ensured that directly sitting on the floor with the legs
forward or sitting in a mermaid posture, would not be
erroneously classified as kneeling. These criteria were
applied for the instrumentalized leg. Additionally, a
neutral or slightly forward bent back position is
required to keep the centre of mass within the base
of support in the squatting position. Thus, to avoid
misclassifications with sitting 0–25 of forward bending (positive X-axis from the trunk accelerometer)
were tested in 5 increments and a threshold of >10
back angle for squatting led to no decline in sensitivity and specificity while elimination some possible sitting misclassification scenarios. Lastly if lying down
was detected by the trunk accelerometer (back inclination >45 ) (Skotte et al. 2014), this would exclude
any kneeling, squatting and knee-straining postures.

Sensitivity and specificity
Sensitivity and specificity were 99.3% and 98.7%,
respectively for kneeling, 88.3% and 99.9% for squatting and the combined knee-straining yielded 95.8%
and 99.4% for the laboratory protocol data. For the
NWC protocol, sensitivity and specificity were 94.9%
and 99.2% respectively for kneeling, with 49.3% and
97.9% for squatting and 97.0% and 97.6% for kneestraining activities (Table 5).

Random sample sensitivity analysis
Due to the large difference in input data from kneeling (10,733 seconds of data) and squatting (9,824 seconds of data) compared to the amount, coming from
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Table 4. Kneeling and squatting threshold values determined from the twenty laboratory participants for the thresholds ‘C1’,
‘C2’, ‘T1’ and the linear equation threshold ‘L1’.
Threshold
Determinant

C1
Calf inclination ( )

C2
Calf inclination ( )

T1
Thigh inclination ( )

84
84
<84

5
N/A
5

Removed
N/A
N/A

Value
Kneeling
Squatting

L1
A

B

1.5

195

N/A
[Calf Inc. ( )]  1.5[Thigh Inc. ( )] þ 195

The C1 and C2 are calf inclination thresholds. T1 is a thigh inclination threshold. L1 is a linear expression (Y ¼ AX þ B), that modifies a calf inclination
threshold by the current thigh inclination. Classifications require all corresponding thresholds with a value to be satisfied for detection. ‘N/A’ represents
that the threshold was not included in the optimal model for detection of either kneeling or squatting.

Table 5. Validity of the established thresholds for kneeling, squatting and knee-straining postures determined
for the twenty laboratory participants and the eleven normal working condition (NWC) participants, as implemented via an algorithm in the Acti4 software compared to dually annotated video observations
(golden standard).
Laboratory
Activity
Sensitivity (%)
Specificity (%)

Kneeling

Squatting

99.3
98.7

88.3
99.9

NWC
Knee-straining

Kneeling

95.8
99.4

94.9
99.2

Squatting

Knee-straining

49.3
97.9

97.0
97.6

Sensitivity and specificity for kneeling, squatting and knee-straining postures are presented as percentage (%).

Table 6. Validity in the laboratory data subsample containing
a random selection of 15 minute in total from the twenty
laboratory participants for each of the 5 activities; kneeling,
squatting, sitting FOF, sitting LUC and sitting Free.
Laboratory
Activity
Sensitivity (%)
Specificity (%)

Kneeling

Squatting

Knee-straining

99.6
98.8

89.2
99.8

96.3
99.3

Sensitivity and specificity are presented as percentage (%).

sitting (3,577 seconds of data), the impact on the sensitivity and specificity from sitting could potentially be
effectively negated. Therefore, a random subsample
was created with 900 seconds of data from kneeling,
squatting and the 3 sitting subtypes (Figure 3). The
evaluation of the threshold sensitivity from the laboratory protocol (3.3) was repeated in this subsample,
and the threshold values remained stable. Sensitivity
and specificity for this balanced subsample is shown
in Table 6.

Discussion
This study showed successful detection of kneeling
and knee-straining postures by accelerometry measures during free-living conditions, compared to a
golden standard method (dually annotated video
observation). In addition, a laboratory setup using the
same accelerometers and data processing software
(Acti4) showed successful detection of kneeling, squatting and knee-straining postures.
The Acti4-based second by second classification of
kneeling and squatting (and other activities) had very
high overall sensitivity and specificity in the laboratory

protocol compared to the second by second annotated video recordings (i.e. 99.3% and 98.7% for kneeling, 88.3% and 99.9% for squatting and 95.8% and
99.4% for the knee-straining posture, respectively). In
the NWC protocol during regular daily working conditions of construction workers, very high sensitivities
and specificity was achieved for kneeling with (i.e.
94.9% and 99.2%, respectively) and knee-straining posture (i.e. 97% and 97.6%, respectively). However, the
NWC protocol only showed moderate results for the
sensitivity of squatting, yet still with a very high specificity (i.e. 49.3% and 97.9%, respectively). The lower
sensitivity of squatting is likely to be explained by the
very limited squatting time observed during normal
working conditions. The total duration was 11 minutes
of squatting, with 95%þ of this duration from a single
construction worker. This construction worker seemed
to prefer a squatting position with his calf angle just
around the threshold level established to distinguish
kneeling from squatting in the laboratory setup, resulting in around 50% of the squatting from the NWC
protocol being misclassified as kneeling. The proportion of time spent in squatting posture was quite low
for our group of construction workers compared to a
similar study on construction workers, in which 87.2%
of the time spent in knee-straining postures was spent
kneeling and the remaining 12.8% was spent primarily
squatting (Ditchen et al. 2015). This indicates that our
subjects have carried out activities that did not contain many activities that are normally carried out in a
squatting posture. Based on these exposures from previous studies among construction workers, a realistic
expectation for the amount of squatting in the NWC
protocol would be 35–45 min. Thus, the data available
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would seem to have failed to capture a realistic, sufficient and varied amount of squatting activities for creation of a strong validation dataset for the developed
squatting detection method during normal working
conditions (Samuels, Lemasters, and Carson 1985).
Therefore, additional field validation of this method
for detection of squatting is warranted, preferably in a
subject group with a higher exposure to activities
involving squatting.
Previous studies aiming to detect kneeling or squatting with a wireless accelerometer setup are very limited. To our best knowledge, only Martin and
colleagues have developed a method to detect if pregnant women were in a kneeling-like position (‘on all
fours’ – sensitivity 91.4%, specificity 98.4%) using two
ActivPal accelerometers on the thigh and lower leg
(Martin et al. 2015). A similar approach, but with wired
equipment have been applied in the Netherlands by
Burdorf and colleagues in which, a wired DynaPort system utilising one accelerometer on the thigh and one
on the lower leg were used to detect kneeling and
squatting (Burdorf et al. 2007). Wired comprehensive
sensor systems mounted on the body, such as the
updated CUELA system (Ellegast, Hermanns, and
Schiefer 2009), has recently been used to investigate
kneeling and squatting in construction workers
(Ditchen et al. 2015) and pre-school teachers (Burford
et al. 2017). The precision of the system allows it to
accurately record inclinations (Hermanns et al. 2008)
for all major structures of the body (Ellegast 1998;
Schiefer et al. 2011), after which general guidelines for
body postures are applied to determine the exact posture of the worker (e.g. from ISO or the European
Committee for Standardization). However, to the best
of our knowledge, no specific sensitivity and specificity
for the DynaPort and CUELA systems have been provided in regards to detection of kneeling and squatting, which hampers proper comparison.
Our developed wireless accelerometer-based
method for detection of kneeling and squatting and
the combined knee-straining posture, is simple and
based on the measurement of the orientation of the
thigh and lower leg. The translation of the accelerometer output in the established Acti4 software gives us
valid results for inclination (Korshøj et al. 2014), which
means that the primary principle of the systems are in
essence the same, i.e. measure inclination and determine kneeling, squatting or knee-straining posture.
Thus, the developed method would seem capable of
supplying the same valid information on general
kneeling and squatting activities as more elaborate,
expensive or wired systems. However, for occupations
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or activities with high amounts of one-legged kneeling, it will slightly underreport the total amount of
kneeling. This is due to the system reporting onelegged kneeling on the left leg as sitting. Additionally,
if specific types of kneeling or squatting are of interest
over shorter periods of time, such as high squatting,
single squats or one-legged kneeling, additional sensors on the left leg or sensors capable of capturing
very short events should be applied and specific recognition for these should be used.
The inter-rater agreement scores displayed in
Table 1 all have kappa values above 0.9 and would be
considered as ‘perfect’ or ‘near-perfect’ agreement
(Landis and Koch 1977). The primary reason for any
disagreements between annotators were the few seconds (1–3 s) during transition periods into or out of
the kneeling, squatting or sitting activity. Thus, observing kneeling, squatting and sitting on video recordings
were a relatively simple task. It should be noted that
the accuracy, with which the beginning and end of a
kneeling event could be determined, was limited by
the 1 second frame rate used for the video recordings.
This issue also played a role for the matching of data
between video observations the activity calculated by
Acti4. For recordings including many short duration
events of kneeling, this start/stop uncertainty could be
significant. No data exclusion was made at the start/
stop of kneeling events to meet this inherent uncertainty neither for the video observation nor the Acti4
calculation.
Previous studies have relied on self-report, direct
observation or technical systems that are either
inaccurate, more costly or with too high participant
burden for long-term valid measurements during normal working conditions. This study applied wireless,
water-resistant, small and relatively inexpensive accelerometers with a long battery-life (7þ days), which
would make it practical for larger long-term studies
throughout normal working days to capture the kneeling and squatting exposure. Improved ability for longterm assessment of kneeling and squatting during
normal working conditions are likely to increase the
quality of studies on occupational risk for knee pain
and disorders as well as increasing awareness and preventive interventions in occupational groups with
knee straining postures like floor layers, construction
workers or pre-school workers.

Conclusion
This study showed that measurements with rather
cheap wireless triaxial accelerometers placed at the
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trunk, right thigh and right calf, can detect kneeling
and squatting posture with high sensitivity and specificity during semi-standardised laboratory conditions, as
well as the combined knee-straining posture. The
results showed high validity during normal working
conditions among construction workers for kneeling
and knee-straining posture, while squatting was estimated with moderate sensitivity. The developed
method has a significant potential for valid long-term
technical measurements of kneeling, squatting and
knee-straining postures, and thereby contributing to
better investigation of risk for knee pain and disorders
and preventive workplace interventions.
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