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Summary 

Background: The term physical behavior includes sedentary and non-sedentary everyday 

physical activities. Objective measurement methods are recommended when sedentary 

behaviors are to be measured. Data from a thigh worn accelerometer can, together with the 

Acti4 software, be used to distinguish different physical behaviors. Due to different shapes 

of thighs and how the accelerometers have been placed on the thighs there is a need to 

compensate for individual differences in reference angles in respect to gravity. Normally this 

is done by letting the participants perform a reference position when they stand up and that 

time is noted in a diary. However, this is very time consuming. One alternative is to 

automatically estimate the compensation angles from walking episodes in the existing data. 

Objective: The aim of this study was to validate two new features to the Acti4 software, 

detection of lying and automatic reference angle generation. 

Methods: Ten participants underwent a 45-minute standardized protocol, and a 48-hour free-

living protocol, with recordings of the different physical behaviors lying, sitting, standing, 

walking, running, stair walking, and cycling. Video recordings of the standardized protocol, 

and accelerometer data and diaries together with the participants review of the results from 

the software from the free-living protocol, has been used to validate the software. 

Results: During the standardized protocol, the overall accumulated performance of the 

software to identify the same physical behavior as in the video recordings was 81.1% 

(sensitivity), 96.7% (specificity) and 94.8% (accuracy). Participants agreed that most 

identified physical behavior episodes were correct, when reviewing the result from the 

software. When the two different reference angle generation methods were compared, almost 

no difference was found in the results of the standardized protocol, neither when comparing 

total time registered per behavior accumulated for all participants during the free-living 

protocol. 

Conclusions: The software may be used in research as a valid tool to measure physical 

behavior. However, the sensitivity to detect lying and stair walking may vary between 

individuals. When conducting research with thigh worn accelerometers, researchers may use 

the easier to use method with automatically generated reference angles instead of the more 

burdensome method with manually recorded diary annotation. 
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1. Background 

1.1. Sedentary behavior 

1.1.1. Physical behavior 

Physical behavior is movements, body postures, and daily activities (Bussmann & van den 

Berg-Emons, 2013). To be physically active is good for our health in many ways. It can 

enhance the ability to learn both physical and cognitive tasks (Barenberg et al., 2011; Hübner 

& Voelcker-Rehage, 2017), and physical activity prolongs our lives (Jakicic et al., 2019; 

Kokkinos, 2012). The opposite of being physically active is to be physically inactive. To 

describe non-movement behavior the term sedentary behavior is used. The term is based on 

the relation to energy expenditures, which is expressed as metabolic equivalent units (MET). 

A definition of sedentary behavior is “any waking behavior characterized by an energy 

expenditure <= 1.5 METs, while in a sitting or reclining posture” (Bames et al., 2012). The 

definition may be altered to not restrict itself to a sitting or lying behavior, as long as the 

energy expenditure is less than, or equal to, 1.5 MET (Mattsson et al., 2016). 

Research initiatives of sedentary behavior have increased, following the growth of sedentary 

behavior itself, with suspicion of negative health effects. Suspicion may be drawn from the 

fact that being physically active is associated with less risk of metabolic and cardiovascular 

diseases, certain types of cancer (foremost breast and colon cancer), dementia, depression, 

and premature death (Wennberg et al., 2016). The majority of studies show mortality rate to 

be approximately 25% higher for people who report being the least physically active versus 

the most (Patel et al., 2010). A meta-analysis from 2013 indicated that the total sitting time 

was related to health issues even if the participants were physically active. The risk of 

mortality increased 2% per daily sitting hour, and 5% per daily sitting hour after the total of 7 

hours have been accumulated, after adjusting for physical activity levels (Chau et al., 2013). 

However, results from more recent studies indicate that the negative health effect of 

prolonged sitting will be attenuated and might disappear if you also are physically active 

according to the recommendations (Ekelund et al., 2016, 2019; Stamatakis, Gale, et al., 

2019). 

Thus, the associations between sedentary behavior and health is still unclear. Even though 

there is a recommendation to avoid physical inactivity it is at the same time stated, that the 
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research on this topic is still in its early stage, with no evident specific recommendations on 

healthy sedentary levels or what types of breaks (how long and how many) is needed to 

minimize the seen risk of mortality (Jansson et al., 2016; Henriksson & Sundberg, 2016; 

Stamatakis, Ekelund, et al., 2019). The limited evidence seems to be associated with a lack of 

coherent assessment strategies, poor validity, and reliability in the methods to assess 

sedentary behavior (Holtermann et al., 2017). 

1.1.2. Sedentary behavior at the workplace 

Over the last 50 years, the average energy expenditure in work of American workers has 

decreased together with an increase in the number of sedentary occupational work tasks 

(Church et al., 2011). This is not just an American phenomenon, the number of work tasks 

with a computer in focus are growing internationally. Computer intensive sectors are 

increasing the number of employees, but also sectors that used to be associated with 

strenuous workloads have become less physically demanding and safety interventions along 

with technical interventions enhancing productivity and left employees in a state of a more 

sedentary occupational setting (Straker & Mathiassen, 2009).  

A median of 5.8 hours self-reported daily sitting time, during free-living conditions, has been 

reported from 20 countries worldwide (except the continent of Africa). Accelerometer data 

have shown Australians to engage in sedentary behavior, for just over 9 hours a day, 

representing 57% of waking hours. Figures describing mean values of sedentary behaviors as 

a result of accelerometer research among US adults show between 7.3 and 7.9 hours of 

sedentary behavior per day depending on the persons’ age. A considerable amount of this 

time is accumulated at work and the lack of sufficient physical activity at the workplace has 

been raised as an emerging major public concern when it comes to health (Commissaris et al., 

2016).  

In a study on English workers across 10 different workplaces, in both public and private 

sector, they found that 60% of time spent sitting throughout a day was accumulated from 

work hours (Kazi et al., 2019). This finding is supported by data showing that participants 

spent two hours more sitting on workdays than on weekends (McCrady & Levine, 2009). 

Recommendations point out that long periods of sitting still should be avoided, and be mixed 

with short breaks, including some sort of musculoskeletal activity (Jansson et al., 2016). 

However, while at work in sitting positions, people seldom take breaks. Only 8% managed to 

have a 5-minute break every 55 minutes of sitting throughout the whole week (Ryan et al., 
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2011). The workplace could, and should, be the place enabling interventions as it is being the 

major contributor to sedentary behavior, therefore interventions at the workplace might also 

inherit large impacts.  

1.1.3. Sedentary behavior interventions at the workplace 

In Sweden, the employer needs to perform risk assessments of the work being performed. 

They need to systematically work for better work environment and take actions to prevent 

health risks related to work (Swedish Work Environment Authority, 2008). Prolonged 

sedentary behavior may be a long-term risk that might be avoided. Avoiding prolonged 

sedentary episodes at work might also be health-promoting for the workers. According to the 

Work Environment Act, Systematic Work Environmental Management AFS 2001:1, the 

action which is taken should be followed up and evaluated. 

Even though more high quality, large scale studies with long term follow-ups are needed to 

increase the knowledge about the effect of physical behavior interventions at work. Some 

studies indicate that interventions may increase physical activity while at the same time keep 

productiveness in work. Potential workplace interventions may be sorted in three different 

categories, all with the aim to reduce sedentary behavior (Commissaris et al., 2016). 

● Alternative workstation interventions, to change the actual workstation, from where 

work is carried out, to an active place. Can be implemented by treadmill or pedaling 

options and sit-stand tables or alike. 

● Personalized behavioral interventions, with the use or the combination of; behavioral 

feedback and personalized goal settings to raise motivation to reduce sedentary 

behavior. 

● Interventions promoting stair use encourage the use of stairs instead of elevator or 

escalators usage when present. 

The important factor is that sedentary behavior interventions should be on an environmental 

level and not individual-based, addressed as a common agenda (Hutcheson et al., 2018). 

When an employer should evaluate these interventions, they need an objective method to 

assess the effect of the intervention. 
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1.1.4. The need for research within the field of sedentary behavior 

Sedentary behavior research finds mixed results on associated risks. A likely cause for 

conflicting results in research is due to the use of self-reporting methods. Most of the 

available research concerning occupational sedentary behavior and health outcomes is until 

recently built on top of self-reports. The strength of self-reports is that it is cheap and a low 

investment for both test persons and researchers. However, it has been shown to be both 

biased and not accurate, opening for methodological errors such as memory challenges when 

filling out details or responding in a socially desired way. Thus, it is perceived to have large 

limitations when applied in sedentary behavior research (Hagströmer et al., 2016; 

Holtermann et al., 2017). 

As an alternative, observational methods have been used. Videotaping or on-site visual 

observation seems promising for trained observers but is expensive per unit of work time 

observed, therefore this can only be done for short assessments and a limited number of 

participants. For observation, other methodological challenges do exist as well. When a 

participant is being aware of that he or she is being observed it may affect the behavior of that 

participant. Observers themselves may also rate observed behavior differently (Holtermann et 

al., 2017).  

With regards to bias and imprecision of self-reports, as well as the limited feasibility and 

method challenges observational methods inherits, it is recommended to use movement 

detectors for objective measurement of physical behaviors (Hagströmer et al., 2016). 

1.2. Accelerometers 

To measure the motion of body segments, accelerometers can be used. They have the 

capability to measure body motions and tilt angles towards the line of gravity day and night 

for several days. Along with their nonobtrusive characteristics and feasibility, their use has 

become popular in physical behavior research (Mathie et al., 2004). 

1.2.1. Accelerometer basics 

There is a range of different methods to detect acceleration along an axis of an accelerometer. 

What all different designs and manufacturing techniques have in common is a variation of the 

spring-mass system. Which means acceleration of the device makes a small mass, inside the 

accelerometer, apply force to a spring and as a result, the spring is being compressed or 
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stretched. Measurements of the altered spring position are then used to calculate applied 

acceleration (Mathie et al., 2004). 

Accelerometers are more advanced instruments compared to other wearables such as step 

counters as they measure acceleration in one, two or three axes. Acceleration is a direct 

measure to intensity, the more acceleration the higher intensity. They can measure total 

physical activity but also its components, intensity, duration, and frequency, in other words, 

they can measure whole movement schemes (or the lack of). As accelerometers have 

improved, newer models can store this kind of data for several weeks, without having to 

charge or run out of memory (Hagströmer et al., 2016). 

1.2.2. Accelerometer placement 

Depending on what data you want to collect, the placement of the accelerometer is of 

importance. Different placements of the accelerometer have different benefits and challenges 

(Stamatakis et al., 2020). Most research has used a hip placement in the past, but also thorax 

and wrist placement have been used (Chen & Bassett, 2005). But if an accelerometer is 

placed on the hip, thorax or worn on the wrist, it is not possible to discriminate movement of 

the legs, and differentiate between sitting and standing still for example (Holtermann et al., 

2017). In sedentary research, thigh placement is becoming more popular. The thigh 

placement provides information about different physical behaviors like, sitting, standing, 

walking, running, bicycling, stair walking and lying (Crowley et al., 2019; Lyden et al., 2016; 

Skotte et al., 2014). By using the analysis of raw data it has just recently been made possible 

to completely describe the physical behavior of a person over 24 hours (Stamatakis et al., 

2020; Hagströmer et al., 2016). 

1.3. Analyzing software 

1.3.1. Acti4 

Acti4 is an algorithm, developed to recognize physical behaviors from raw accelerometer 

data derived from thigh worn accelerometers. The algorithm discriminates between sitting, 

standing, walking, walking stairs, running, and cycling behavior. When an algorithm tries to 

discriminate certain behaviors, values of sensitivity, specificity and accuracy are often used. 

The ability of the software to detect the behavior when the behavior is present is called 

sensitivity. The ability of the software to reject a behavior when it is not present is called 
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specificity. By combining sensitivity and specificity, we can find the ability for correct 

discrimination, which is called accuracy. In a validation study of Acti4, where an observer at 

the same time recorded the time when physical behaviors occurred according to a 

standardized protocol, sensitivity result was 99-100% for all physical behaviors except stair 

walking, which was 95%. Acti4 performed with over 99% specificity for all tested physical 

behaviors. This study also validated detection of sitting during free-living hours and this 

showed 98% sensitivity and 93% specificity values. Sitting was controlled with pressure 

loggers in pant pockets (Skotte et al., 2014). 

The functionality of Acti4 is not limited to any specific brand or type of accelerometer. Acti4 

should work with any triaxial (measurements in three axes) device, worn on the thigh and 

having raw acceleration data as output as an option. In a comparison of three different triaxial 

accelerometers, minimal differences in between them were found, when analyzed identically 

with Acti4. In the semi-standardized protocol procedure, all three brands showed close to a 

perfect agreement in its relation to time-stamped video recordings. The largest bias was found 

when examining standing postures and step count in walking. Standing postures differed 3.6 

min over 24 hours. The number of steps was found to differ 230 steps in the total count (9827 

vs 9597) (Crowley et al., 2019). 

1.3.2. Identification of the physical behavior lying 

As sedentary behavior is per definition waking time it is important to identify waking time 

properly. But for that, it is important to first identify lying episodes. A shortcoming of Acti4 

is that it cannot differentiate lying episodes from sitting episodes. A lying algorithm based on 

a thigh accelerometer was first demonstrated as a possibility in 2016 by Lyden et al. (2016). 

Their algorithm uses one of the three axes (y-axis) to detect lying episodes by identifying 

rotations of the thigh. By having a 65-degree threshold for rotational activity the software 

correctly identified 96.7 +- 2.8% of self-reported lying episodes throughout 7 days for 11 

participants. 

The idea was that while laying, people often roll over to the side. The algorithm has been 

shown to work quite well when validated towards self-reported bedtime. However, a short (or 

long) laying period during the daytime without thigh rotation could be misinterpreted as 

sitting instead of lying. Furthermore, as thigh rotations might happen during sitting daytime 

also, for example when sitting with crossed legs, sitting might in theory be falsely identified 

as lying. This is impossible to know from the validation study performed by Lyden.  
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For estimating other physical behaviors such as standing, walking, running, walking in stairs, 

and cycling Acti4 performs well. 

1.3.3. The need for accelerometer reference angles 

To accurately detect physical behaviors, using Acti4, the software first have to compensate 

for minor variations in placements of the accelerometer and different shapes of the 

participant’s thighs, that will affect the angles of the accelerometer in respect to gravity.  

There are two different methods to register compensational values. One option is to manually 

let the participant be standing, still and straight, and note the time in a diary. The software can 

then calculate reference angles for compensation purposes at the noted time. Further on, in 

this study, this will be referred to as the manual method. The manual method may be time-

consuming if there are numerous of participants to manually register. The second option 

generate these reference angles automatically. 

1.3.4. The new Acti4 software 

In the new software version of Acti4 is an option to use episodes of walking, which estimates 

reference angles for compensation automatically. The method needs a total of 10 minutes of 

walking throughout the test period to function well. Further on, in this study, this will be 

referred to as the auto method.  

As the detection of lying and the auto method are new features to the software, these new 

features needs to be validated. 

2. Aim and queries 

2.1. Aim of the thesis 

The objective of this thesis was to validate the new Acti4 software’s ability to distinguish 

lying, sitting, standing, walking, running, stair walking, and cycling based on raw data 

produced by a triaxial thigh worn accelerometer. 

2.2. Research questions  

● How well does the new Acti4 software distinguish between different physical 

behaviors during a standardized protocol? 



8 
 

● How do sensitivity and specificity differ for detection of physical behaviors if the auto 

method is used compared to the manual method when processing data that derives 

from a standardized protocol? 

● How does the total time of different physical behaviors differ if the auto method is 

used compared to the manual method when processing data that derives from a 48-

hour free-living protocol? 

● Do participants agree with the results from a 48-hour free-living protocol of physical 

behaviors when the auto method has been used? 

3. Methods 

3.1. Participants 

Ten participants from the social circle of the author were recruited and gave their signed 

consent to participate in the study (Table 1). 

 

Table 1. The participants anthropometric measures. 

N=10 (6 female + 4 male) Average (standard deviation) 

Age (years) 32.6 (± 6.6) 

Height (cm) 169.4 (± 10.3) 

Weight (kg) 68.8 (± 13.3) 

Body mass index 23.8 (±3.0) 

  

3.2. Instrumentation 

In this study a single accelerometer attached to each participant was used. The placement was 

on the right thigh, medial front, halfway between hip joint (anterior superior iliac spine) and 

knee joint (patellar tendon). The orientation of the x-axis pointed down vertically, the y-axis 

pointed left horizontally, the z-axis forward horizontally. The accelerometer was fixed using 

tape. 
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A tri axis accelerometer device (Axivity AX3) was used in this study. The frequency of the 

sample rate was set to 25 Hz. The recorded acceleration was set to the dynamic range of ± 8 

g. The accelerometer used a 512 MB memory to store sampled (13-bit precision) raw data of 

acceleration. The AX3 weights 11 gram and has the dimensions of 23 × 32.5 × 7.6 mm. In 

this study, the manufacturer’s software (Open movement GUI, version 1.0.0.43) was used to 

initialize accelerometer recordings and for downloading the raw data. 

3.3. Protocols 

The participants first followed a 45-minute standardized protocol (appendix 7.1) that was 

recorded on video by the author. They were then told to use the accelerometer for a 48-hour 

data registration of free-living. 

3.3.1. The standardized protocol 

To collect validation data for specific physical behaviors a standardized protocol was initially 

performed. The standardized protocol started with a position where the participant stands still 

for 10 seconds, to register reference angles for the manual method. Additional physical 

behaviors were lying, sitting, moving, walking, running, stair walking and cycling. Time in 

between the defined physical behaviors, when the participants took some steps but was not 

walking was defined as moving. 

All physical behaviors except moving were specifically asked for. Walking and standing have 

both separately been asked for and been present when switching to, or pausing in between, 

other physical behaviors. 

Running, walking, and cycling was carried out outdoors. Standing, sitting, and laying was 

performed indoors and a sofa was used for sitting and laying behavior. Walking in stairs was 

performed both indoors and outdoors depending on the specific private environmental setting 

for the participant. 

Walking and running were performed in two separate speeds, in self-paced normal speed and 

self-paced brisk speed. Stair walking was performed in three different speeds, normal speed, 

brisk speed, and self-paced running. These speeds were used for both one step at a time, and 

two steps at a time. However, stair walking downwards two steps a time were only performed 

using normal speed. Lying episodes included four different positions (appendix 7.2); on back, 

on side, on back with bent knees, and on back with bent knees and crossed legs. Sitting 
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episodes included four different positions (appendix 7.2); normal, crossed legs, meditation 

pose, and cozy position.  

The term “sedentary transition” was used by the author to classify time in between different 

lying and sitting behavior. Sedentary transition times were later excluded from the data set of 

this study. 

The participants were recorded with an iPhone 8 when performing the standardized protocol. 

The free version of the app Timestamp Camera Basic (version 1.101, 30fps) was used to 

record. 

3.3.2. The free-living protocol 

The participants were asked to proceed with their day and encouraged to engage in more 

variety than usually, especially cycling and walking stairs. But each participant needed at 

least ten minutes in total walking. The measured time included both working hours (mainly 

office work in front of a computer), and leisure time. The participants wrote down work and 

bedtime hours, and if cycling occurred in a diary. The participants were also asked to write 

down if they had to take the accelerometer off, or if any other strange occurrence worth 

mentioning happened. 

3.4. Data analysis 

The raw accelerometer data were downloaded with OmGui. Acti4 (version 0.55.5.0) was 

used to analyze the files, with the additional option of Lyden algorithm for detection of lying. 

While using the same settings and software mentioned, the raw accelerometer files were 

analyzed twice. Once with the manual method, and once with the auto method.  

The video recordings of the participants were viewed, and the physical behaviors were 

transcribed (second per second) to excel. This file is called the video observation.  

The data from the manual method and the auto method were both compared and analyzed 

against the video observation using PyCharm Community Edition 2020.1.1 running python 

version 3.7.7. 

From a confusion matrix the sensitivity, specificity and accuracy were calculated by 

analyzing each physical behavior (Table 2). The software detection for a physical behavior 

(positive/negative) was presented in the rows, data from the annotation file (was the physical 

behavior/was not the physical behavior) was presented in the columns. 
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Table 2. Sensitivity and specificity classification of physical behaviors. 

Sensitivity and 

specificity analysis 

Was the physical 

behavior? Was not the physical behavior? 

Positive test: True positive False negative 

Negative test: False positive True negative 

   

To calculate sensitivity, expressed in percentage, the formula true positive / (true positive + 

false positive) was used.  

To calculate specificity, expressed in percentage, the formula true negative / (false negative + 

true negative) was used.  

To calculate accuracy, expressed in percentage, the formula (true positive + true negative) 

divided by all observations was used. 

The difference between the manual method result and the auto method result was calculated 

by subtracting the statistics derived from the manual method with the statistics derived from 

the auto method. A positive value, therefore, represents a larger value of manual method and 

vice versa if a negative value was displayed. Mean of difference was calculated as the sum of 

all differences divided by the number of participants, which makes a positive value always 

found regardless of the method with higher performance total value. 

All figures presented in tables was rounded to one decimal or first decimal value. 

3.5. Agreement review of the free-living protocol 

After the 48-hour protocol was finished, an image representing their physical behavior during 

the 48-hour timeline was presented for them (appendix 7.3). Participants were interviewed 

about their results, to see if they matched their reality. With help from the diary, the results 

were discussed from start to end, hour by hour, for approximately 15-30 minutes. A particular 

focus was on asking the participants questions about if the identified laying and sitting 

episodes were correct or if they remembered any episodes when they had been laying that 

was not shown in the results. Comments were noted in real-time on top of the result output 

PNG file image produced by the algorithm. 
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4. Results 

Both the standardized- and the free-living protocol data set, included registrations of ten 

participants. In the standardized protocol 7 hours, 19 minutes and 41 seconds was collected, 

analyzed, and compared to video observations of the same protocol. Out of the total time, 6 

minutes, and 20 seconds (average 38 seconds per participant) was sedentary transition time 

and was removed from the data set. For one participant the accelerometer fell off at three 

times. Therefore, three separate sections of the standardized protocol were recorded for this 

participant. Each one with new reference angles for the manual method. One participant had 

no cycling with the additional feature of pedaling while standing registered. Despite this one 

instance, all participants followed through on all physical behaviors asked for.   

In the free-living protocol around 20 days of recorded accelerometer data was collected and 

analyzed (Table 3). Of which 1.5% was the standardized protocol. Five participants had free-

living data removed before analysis duo to events of accelerometer removals. Removal 

volumes represented 6.4%, 1.4%, 0.3%, 0.2%, and 0.07% of participants individual data sets, 

and represented 0.8% of total time recorded. 

 

Table 3. Accumulated total time duration of all participants for the standardized and 

free-living protocol, in the format of hours, minutes, and seconds (hh:mm:ss). 

 

Variable Total Mean Min Max 

Standardized protocol 07:13:21 00:43:20 00:39:24 00:47:36 

Free-living protocol 486:24:07 48:38:25 46:49:02 51:33:39 

Time removed from 

free-living protocol data set 

03:59:31 00:23:57 00:00:00 03:00:00 
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4.1. Acti4 confusion matrix during standardized protocol 

In the standardized protocol, the total time spent in lying down was 23.5%, sitting 16.4%, and 

walking 23.6% of the recorded time (Table 4). The least time were spent in stair walking 

5.3% and running 4.9%. When the detection of time spent in physical behaviors was 

compared to video observation, sitting and walking were the only two overrepresented by 

Acti4. When the software mistakes a behavior for another, lying was most times misclassified 

for sitting (20.2%). Standing and moving, were seen to be misclassified in all other physical 

behavior categories. Walking was most times misclassified as moving (4.1%) and stair 

walking (4.1%). Stair walking was most times misclassified as moving (17.6%) and walking 

(42.9%). Cycling was most time misclassified as sitting (4.0%) and standing (4.0%). In total, 

the least misclassified was sitting (1.0%), and running (6.6%). 

  

Table 4. Confusion matrix of Acti4 output and video observations, accumulated for all participants during the 

standardized protocol. 

 

  

Physical 

behavior 

 

Lying 

 

Sitting 

 

Standing 

 

Moving 

 

Walking 

 

Running 

Stair 

walking 

 

Cycling 

 

All 

 

Lying 4790 0 67 87 7 0 0 0 4951 

V
id

eo
 o

b
se

rv
at

io
n

 (
se

co
n
d

s)
 

Sitting 1211 4157 172 122 0 0 0 115 5777 

Standing 3 37 1924 320 94 35 6 114 2533 

Moving 3 6 213 254 248 32 240 40 1036 

Walking 0 1 194 187 5408 16 586 8 6400 

Running 0 0 58 24 38 1166 10 0 1296 

Stair walking 0 0 10 23 245 0 525 33 836 

Cycling 0 0 113 111 0 0 0 2552 2776 

All 6007 4201 2751 1128 6040 1249 1367 2862 25605 

Accelerometer data* (seconds)  

 

* Acti4 has been used with the manual method. 
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4.2. Acti4 performance and method comparison during standardized 

protocol 

Sensitivity (for both methods) was highest for sitting, followed by running, walking, and 

cycling (Table 5). The lowest sensitivity was found for moving and stair walking. Specificity 

and accuracy were high for all physical behavior categories. There was almost no difference 

found regarding sensitivity, specificity, and accuracy between the two methods. The largest 

difference found was for stair walking. For specificity, the largest difference found was for 

walking and stair walking. For accuracy, the largest difference found was for lying and 

sitting. 

 

Table 5. Performance of Acti4 against video observations, when manual method and auto method were used, 

accumulated data during the standardized protocol for all 10 participants. 

 

Physical 

Behavior 

Sensitivity (%) Specificity (%) Accuracy (%) 

Manual Auto Diff* Manual Auto Diff* Manual Auto Diff* 

Lying 79.7 79.7 0.0 99.2 99.2 0.03 94.6 94.6 0.02 

Sitting 99.0 99.0 -0.02 92.4 92.4 0.02 93.5 93.5 0.02 

Standing 69.9 70.6 -0.6 97.3 97.4 -0.02 94.4 94.5 -0.08 

Moving 22.5 23.1 -0.6 96.8 96.9 -0.05 93.5 93.6 -0.07 

Walking 89.5 89.0 0.6 94.9 95.0 -0.1 93.7 93.6 0.08 

Running 93.4 92.3 1.0 99.5 99.5 -0.02 99.2 99.1 0.04 

Stair walking 38.4 40.2 -1.8 98.7 98.6 0.1 95.5 95.5 0.04 

Cycling 89.2 89.0 0.2 99.0 99.0 -0.03 97.9 97.9 -0.004 

Mean** 81.1 81.1 0.02 96.7 96.7 -0.008 94.8 94.8 0.02 

Min 22.5 23.1 0.0 92.4 92.4 -0.02 93.5 93.5 -0.004 

Max 99.0 99.0 -1.8 99.5 99.5 0.1 99.2 99.1 -0.08 

 

* ‘Diff’ refers to the difference, displayed in percentage points, between manual method and auto method, 

positive values equal a better performance of the manual method.  

** Weighted mean of the presence of physical behaviors in the data. A higher presence has a higher influence 

on the mean. 
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There were large individual differences between participants in how well the software, 

regardless of method, detected the different physical behaviors (except sitting) in sensitivity 

values (Table 6). Sitting stands out with the lowest sensitivity difference found across 

participants, for both methods. The mean of specificity and accuracy values across all 

participants were found to be high. 

 

Table 6. Performance of Acti4 against video observations, when manual method and auto method were used, during the 

standardized protocol for all 10 participants. 

 

Physical 

behavior 

 Sensitivity (%) Specificity (%) Accuracy (%) 

Method Mean Min Max SD Mean Min Max SD Mean Min Max SD 

Lying Manual 79.5 37.6 100 21.6 96.1 67.6 99.8 9.5 94.2 84.8 99.4 4.8 

 Auto 79.5 37.6 100 21.6 96.1 67.6 99.8 9.5 94.2 84.8 99.4 4.8 

Sitting Manual 98.9 97.7 100 0.7 93.0 79.8 99.6 6.0 93.9 83.6 99.6 4.9 

 Auto 99.0 97.7 100 0.7 92.9 79.9 99.6 5.9 93.9 83.6 99.6 4.9 

Standing Manual 70.0 64.0 78.7 4.2 97.0 93.6 98.7 1.5 94.0 88.5 96.0 2.2 

 Auto 70.5 64.0 78.7 4.0 97.1 94.2 98.7 1.3 94.1 89.2 96.0 2.0 

Moving Manual 18.7 0.0 34.5 11.8 96.8 93.5 100 1.6 93.4 89.0 97.0 2.0 

 Auto 20.2 0.0 34.5 11.1 96.9 94.8 100 1.4 93.6 90.4 96.9 1.7 

Walking Manual 86.8 58.2 96.6 9.9 94.5 86.9 97.1 3.1 93.2 86.3 96.2 2.7 

 Auto 83.6 25.5 96.6 18.8 94.7 87.4 97.6 3.0 93.0 86.8 96.1 2.6 

Running Manual 92.8 78.6 98.3 5.3 99.3 98.5 99.8 0.4 99.0 97.6 99.6 0.7 

 Auto 91.2 71.4 98.3 7.2 99.4 98.6 99.8 0.4 98.9 97.2 99.6 0.8 

Stair walking Manual 36.0 0.0 70.4 24.8 98.6 96.8 99.9 0.8 95.4 91.3 98.0 1.9 

 Auto 37.9 0.0 69.8 24.6 98.3 94.9 99.9 1.3 95.2 91.6 97.2 1.6 

Cycling Manual 89.1 81.1 97.6 4.7 98.7 96.2 99.7 0.9 97.3 91.2 99.0 2.1 

 Auto 89.0 81.1 97.6 4.9 98.6 95.4 99.7 1.1 97.3 91.2 99.0 2.1 

              

When analyzing the performance of the two methods per physical behavior across 

participants, all physical behavior categories contain one or more participants with no 

difference found in sensitivity, specificity, or accuracy (Table 7). The difference in mean of 

sensitivity per physical behavior between the two methods were found to be minor. Large 

differences for individual participants were found (moving, walking, running, stair walking) 

between the two methods. The difference in mean values of specificity and accuracy were 

low.  
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Table 7. Difference in performance of Acti4 against video observations in percentage points, when manual 

method and auto method were used, during the standardized protocol for all 10 participants. 

  

Physical 

behavior 

Sensitivity Specificity Accuracy  

Mean Min Max SD Mean Min Max SD Mean Min Max SD  

Lying 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  

Sitting 0.07 0.0 -0.3 0.1 0.1 0.0 0.8 0.2 0.1 0.0 0.8 0.2  

Standing 0.6 0.0 -2.3 0.8 0.2 0.0 -0.6 0.2 0.2 0.0 -0.7 0.2  

Moving 2.2 0.0 -15.2 4.4 0.3 0.0 -1.3 0.5 0.4 0.0 -1.4 0.6  

Walking 3.3 0.0 32.7 9.3 0.2 0.0 -0.9 0.3 0.3 0.0 2.2 0.7  

Running 1.6 0.0 7.1 2.6 0.1 0.0 -0.6 0.2 0.06 0.0 0.4 0.1  

Stair walking 2.4 0.0 -9.8 3.9 0.4 0.0 3.4 1.0 0.4 0.0 3.4 1.0  

Cycling 0.4 0.0 2.4 0.8 0.1 0.0 0.8 0.3 0.02 0.0 -0.04 0.03  

              

4.3. Method comparison during the free-living protocol 

In general, minor differences were found (Table 7). The difference was 1.5% or less for all 

physical behaviors except stair walking (4.0%), and undefined behavior (11.3%). However, 

the total duration of those two physical behaviors were low. The mean difference for all 

physical behaviors (including undefined), was found to be 2.3%. 

  

Table 7.  Total time of Acti4 detection, when manual method and auto method were used, accumulated data 

during the free-living protocol for all 10 participants, in the format of hours, minutes, and seconds 

(hh:mm:ss).  

  

Physical 

behavior Manual Auto Difference Difference (%) 

 

Lying 232:35:46 233:30:57 -00:55:11 0.4  

Sitting 173:11:47 172:14:54 00:56:53 0.6  

Standing 30:43:22 30:40:57 00:02:25 0.1  

Moving 14:52:45 14:55:36 -00:02:51 0.3  

Walking 25:29:15 25:17:55 00:11:20 0.7  

Running 02:34:41 02:34:15 00:00:26 0.3  

Stair walking 02:29:07 02:35:05 -00:05:58 4.0  

Cycling 03:11:20 03:08:32 00:02:48 1.5  

Undefined 01:16:04 01:25:56 -00:09:52 11.3  

Total 486:24:07 486:24:07 00:00:00 0.0  
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For total time per physical behavior across participants, all physical behaviors had 

participants with minor difference values, 0.5% or less (Table 8). One or more participants 

had large differences in running, stair walking, and undefined behavior. However, the time 

duration of those physical behaviors was low (Table 7). 

  

Table 8. Difference in total time for Acti4 detection, when manual method and auto method were used, 

during the free-living protocol across all 10 participants.  

  

Physical 

behavior 

Percentage  

Mean Min Max SD*  

Lying 0.4 0.0 -3.1 0.9  

Sitting 0.6 -0.1 4.0 1.2  

Standing 0.3 -0.1 2.9 0.9  

Moving 1.3 -0.2 -5.7 1.7  

Walking 0.9 -0.01 5.0 1.7  

Running 0.5 0.0 8.9 2.6  

Stair walking 4.1 -0.5 -26.8 9.7  

Cycling 3.2 0.1 7.0 2.4  

Undefined 13.2 0.0 -29.4 10.7  

  

* Percentage points 

 

 

4.4. Participants agreement with free-living protocol output 

All participants stated they had been walking at least ten minutes during their recording 

session. Seven out of ten participants stated they had been laying during their daytime. 

The number of physical behavior episodes shown to participants varied (Table 9). Episodes 

of all physical behaviors were not presented for all participants. Most common episodes of 

physical behaviors were lying, sitting, and standing. 
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Table 9. The number of reviewed episodes of auto method output visualisation during the free-living 

protocol.  

  

Physical 

behavior 

Episodes  

Total Min Max  

Lying 83 4 13  

Sitting 111 9 13  

Standing 120 8 17  

Moving 3 0 1  

Walking 44 1 11  

Running 4 0 2  

Stair walking 6 0 4  

Cycling 13 1 4  

Undefined 2 0 2  

  

Objections were raised to sixteen parts of visualization data in total. Whereas eleven 

objections concerned lying to be sitting, and five objections concerned detection of cycling 

when none was present. 

When the participants did not agree about when the accelerometer had identified lying, then 

the participants remembered these situations as they had been sitting in an office chair with 

legs up on a feet bar, or in a reclined sofa position, or a couch-alike chair leaning back with 

legs on a table, or with legs stretched. One participant remembered going back and forth 

between positions often, the cozy position, the mediation pose, or sitting on knees with heels 

under bum or other random positions. 

When the participants did not agree about when the accelerometer had identified cycling, 

then the participants remembered these situations as they had been stair walking with tall step 

features or doing full-body exercise workouts. 

Five additional general question marks were raised. All five concerned lying and sitting 

episodes. Three of them was episodes where participants had reclined positions of various 

degrees and included feet on table or legs stretched out. On these occasions, even though 

sitting was perceived to be accurate, the line between lying and sitting was hard to tell 

according to the participants. The fourth and fifth question mark were raised when a detected 

sitting period included doing sit-ups, as well as another lying episode was exercise and 
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stretching while lying. Participants raised question marks on the seemingly sedentary 

behavior being physical exercise. 

5. Discussion 

In this study, a new version of Acti4 software was compared to video observations during a 

standardized protocol when participants performed the physical behaviors lying, sitting, 

standing, walking, running, stair walking, and cycling. Both when Acti4 was used with the 

manual method to generate reference angles to compensate for minor differences of thigh 

placements (manual method), and the automatic reference angle generation method (auto 

method), the overall weighted mean of sensitivity was 81.1%, specificity 96.7%, and 

accuracy 94.8%. When the total time per physical behavior was compared during a 48-hour 

free-living protocol, the results of this study showed that the outcome was only marginally 

dependent on the choice of reference angle generation method. The participants agreed with 

most of the visualization output from the algorithm, based on their 48-hour free-living 

protocol, when the auto method was used. Objections were raised on a few lying and cycling 

episodes. Differences of acti4 performance (regardless of method), may be found in 

individual variance in body type or environmental setting. 

5.1. Performance of Acti4 when the manual method was used 

The weighted sensitivity mean was similar to what Crowley et al. found when they compared 

three different thigh worn accelerometers compared to video observations, ranging from 83% 

to 84.4%. Both Skotte et al. and Montoye et al., reported sensitivity to be 99100% compared 

to direct observations, except for cycling (95%) in the study of Skotte et al. One difference 

from both studies was that this study also included lying as a physical behavior. Kongsvald 

reported result for Acti4 on the same physical behaviors used in this study and compared to 

video observations the sensitivity mean was 75.6%. While sensitivity for lying (99%) and 

sitting (98%) were high, an additional accelerometer was placed between the shoulders to 

identify lying and only the basic lying positions, on the back, on both sides, and the stomach, 

were evaluated. Lyden et al. only compared accelerometer detection of lying to diary 

registered lying episodes. The sensitivity result on lying in Lyden et al. was 96.7% compared 

to this study of 79.7%. Similar values regarding specificity (and accuracy when measured), as 
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in the present study has been reported by other researchers (Crowley et al., 2019; Kongsvold, 

2016; Lyden et al., 2016; Montoye et al., 2016; Skotte et al., 2014).  

The reason for the lower mean value for sensitivity in this study, may have been because of 

different detection methodology. However, furthermore this study intentionally made it hard 

for the algorithm to detect lying, sitting, stair walking, and cycling in the standardized 

protocol. These physical behaviors were performed in multiple different variations. Neither 

was the physical behavior categories performed distinctively different. For instance, lying 

and sitting included leg rotations aiming to be in the border between the two. Stair walking 

included running in stairs (both one and two steps at a time). Cycling included glide episodes 

on the bike (sitting still) and pedaling while standing up. These features may not be typical 

characteristics of the physical behavior they represented, although they may be present in real 

life situations.  

Based on the confusion matrix, lying episodes was at risk of being misclassified as sitting, 

and based on the participants review of the results, sit episodes may be misclassified as lying. 

In the study performed by Lyden et al. (2016), where they only compared the lying algorithm 

with bedtime diaries, there might also have been episodes of lying in daytime that may have 

been misclassified as sitting and vice versa. Furthermore, they pointed out that lying episodes 

with no thigh rotation of 65 degrees or more, at any time throughout the lying episode, will 

be misclassified as sitting. There have been no other studies than the present study, that has 

presented validation data for detection of lying during daytime when only one thigh worn 

accelerometer has been used. 

In the standardized protocol sitting was never misclassified as lying. However, it was 

sometimes misclassified as standing, moving, and stair walking. This may be due to a time 

delay in detection output from the algorithm. The output data, compared to video observation, 

may sometimes be found to either start earlier/later and finish earlier/later than annotated 

time. This makes the duration of a physical behavior similar to the real-time duration, while 

the specific timing in which the physical behavior took place is not the same. Therefore, 

lower values of sensitivity, specificity, and accuracy followed.  

Standing and moving was in this study frequently reoccurring in between other physical 

behaviors. Standing was asked for, as a pause between two other physical behaviors. Moving 

however, was involuntarily occurring while transitioning between two physical behaviors, as 

the observed physical behavior did not resemble any of the two. The algorithmic time delay 
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in detection may have been present here as well, as standing and moving were seen to be 

commonly misclassified in all other physical behavior categories. A similar result was seen in 

data from Crowley et al. (2019) and Kongsvold (2016), where the sensitivity of moving and 

standing showed a lower sensitivity value. 

In sedentary behavior research, it may be of more importance the total time spent in each 

physical behavior than the ability to detect the specific timing. The timing challenge affected 

sensitivity of short time duration physical behaviors more. Stair walking for example, which 

took place in episodes of three to fourteen seconds at a time, would be affected to a large 

extent by a two or three second delay. The sensitivity of 38.4% for stair walking 

(accumulated for all participants) in this study, and 61% for Kongsvold (2016), and 78% for 

Crowley et al. (2019), may have been affected. However as mentioned, the time-delay ‘spill’ 

over at the other end, making the total time a person spent stair walking, more accurate. Thus, 

the total time of short-time physical behaviors may be more accurately captured. 

The confusion matrix analysis, when the manual method was compared to video observation, 

showed that detection of cycling was challenging when cycling started in a non-typical 

cycling behavior. As when cycling started with a glide episode (sitting or standing) with no 

pedaling. 

There were individual differences between the participants in how well the algorithm 

identified the different physical behaviors. Such differences might have been due to 

environmental settings, anthropometry of participants bodies, or accelerometer placements. 

For instance, one participant in this study was tall. In combination with low staircase steps in 

the environmental setting of the participant, the accelerometer detection of stair walking was 

problematic. If this was due to random or biased variables was not investigated by this study. 

For detection of physical behaviors, Acti4 managed to detect close to perfect values for some 

participants. At the same time, for one or more participants, the value was lower. These are 

findings for one physical behavior across multiple participants, as well as differences per 

physical behavior for individual participants in regard to which method that was used. As 

other accelerometer research has not presented data across participants, it has not been 

possible to tell if this is a common result.  
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5.2. Comparison of the methods used for reference angle generation  

No other study has compared the manual method and auto method used by the Acti4. In this 

study, only minor differences were found when the two methods were compared. In the 

minor differences, both methods had higher performance values for different participants in 

different physical behaviors. For example, when both methods were compared for lying in 

the standardized setting, sensitivity, specificity, and accuracy values were the same. In free-

living conditions though, the auto method displays more total lying time for all participants 

accumulated. In the largest difference found for any participant however, the manual method 

registered more time than the auto method. 

5.3. Limitations 

In this study, video recordings were transcribed second per second to classify the different 

physical behaviors during the standardized protocol. During the free-living protocol, both a 

quantitative, and an agreement review, was conducted. However, this study does have its 

shortcomings.  

A physical behavior in this study always started when a physical behavior fully met the 

observer’s idea of when the physical behavior was occurring and ended when such physical 

behavior was absent. In other words, the time it took to go from a sitting position in the couch 

to a present normal standing position was marked as neither. Such time (in transition) has 

been classified as moving. To go from sitting to standing, may not be typical features of 

moving as defined by Acti4 (body rocking movement while standing). Thus, in the 

standardized protocol, time spent in moving adds up to 4.4% of total accumulated time. The 

interpretation by the author, on how to decide the time for start- and stop, did not favor the 

methodology of the accelerometer software. The software used more ‘sharp edges’ when 

switching from one physical behavior to another. As in going straight from sitting to 

standing, or running to standing (still), and so forth. This may explain, both the particular low 

sensitive value of moving, and a lower overall mean sensitivity value for all physical 

behaviors (81.1%), even after the weighted mean calculation.  

In longer periods, as in the 48-hour free-living measurements of this study, there may be 

instances where the accelerometer is removed, or it falls off and is reattached. In this study, 

four out of ten had such instances. This study cannot guarantee angles has not been altered 

throughout the participation of participants, and thus affected results. Regardless of what 
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method future research will use to calculate accelerometer reference angles of a participant, it 

may be of use to have an additional calibration at the end of the measurement. This can be 

used to alter which reference angles is being used, or just output a warning adjacent to 

existing warnings in standard output files. A better option may be, while using the auto 

method, to perform daily calibrations if possible.  

The free-living protocol served as a participant feedback tool to assess general agreement 

with results. The episodes that were shown to the participants were based on the auto method 

only. Although comparison of accumulated total time in specific physical behaviors show 

small differences in this study, no data output of the manual method was shown to 

participants. Therefore, there was no opportunity to object to manual method data 

visualization. To complement participants feedback of lying and sitting episodes during the 

free-living protocol, the thigh worn accelerometer could have been used together with a 

second accelerometer attached on the back of the participant. The combined accelerometer 

data could have provided objective measurements of these episodes and been used to validate 

the single thigh accelerometer output. 

The results in this study derive from ten participants, which is a small number of subjects. 

Furthermore, out of those ten, five participants were tested in the home environment of the 

author. This reduced the variation of environmental settings further. For instance, differences 

might be found in other sofa designs, cycle paths and different types of stairs (height/length 

of steps), or the structure of the stair itself (spiral/straight). The detection of physical 

behaviors may be different in different environmental settings and this study has just included 

a variance of six.  

As more data is collected from future studies, in both free-living and standardized protocols, 

in both quantitative and qualitative ways, the algorithm may be improved to detect an 

expanding range of human physical behavior variations. 

5.4. Group lying and sitting 

In sedentary research lying and sitting values may be of particular importance. The findings 

of the agreement review in this study emphasized the problematic “grey zone area” in 

between lying and sitting. It is of particular interest that similar lying/sitting positions were 

found on both sides of the fence of what has been perceived as what. Some participants raised 

question marks on labelling these periods as sitting in their visualization data output, and 
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others objected to similar episodes being labelled as lying. However, depending on the aim of 

future sedentary research, lying, and sitting, may be grouped as they both may be low energy 

expenditure positions. Even more so, if sitting occurs in less rigid positions, and perhaps with 

the additional feature of having feet waist high (on a table for instance). Detecting sedentary 

behavior in this study, as in lying and sitting episodes of the standardized protocol merged, 

Acti4 performed 99.5% sensitivity, 96% specificity and 97.6% accuracy. Close to perfect 

values while including detection of four different sitting positions, and four different lying 

positions, both containing rotated and bent legs features. It is still important to remember that 

stretching and exercise can be done in these positions as well. Thus, even if sedentary 

positions have been distinguished with high-performance values, they may still not be of a 

sedentary nature. 

The author did, in observing all participants, find it difficult to classify movement which was 

happening while in sitting or lying as either one of those. As for now in the Acti4 output, all 

lying is lying and sitting is sitting regardless of some, or a lot of, movements. A body rocking 

detection term might be of help in future research, a term similar to what moving represent in 

non-sedentary positions. 

5.5. Conclusions 

According to this study, the new Acti4 software perform similar to previous validation 

studies of the earlier version. For the new Acti4 software it was possible to distinguish 

between the physical behaviors, lying, sitting, standing, walking, running, stair walking, and 

cycling with high accuracy (> 93.5%)  

There were none or very small differences found in performance when the two different 

methods, manual method, and auto method, were used for compensating for malalignments 

of the accelerometer towards the line of gravity. This was found both regarding sensitivity 

and specificity values based on video observations when participants performed a 

standardized protocol, as well as regarding the total time detection of different physical 

behaviors during a 48-hour free-living protocol. 

Participants agreed with most physical behavior shown to them from the 48-hour free-living 

protocol. However, sometimes they disagreed when the software had identified lying 

episodes, but the participant remembered it to be sitting in a reclined position. There were 
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also episodes identified as cycling when the participant remembered it as walking in stairs 

with high steps or having a full body workout. 

As there were minor differences between the two methods, and auto method requires less 

steps prior to collection of data, the auto method may be used in future studies to distinguish 

the physical behaviors lying, sitting, standing, moving, walking, running, stair walking and 

cycling.  

Individual differences in Acti4 performance was found regardless of using the manual 

method or the auto method, which may need further research to evaluate if this was a random 

error or if it is biased by any variable. 
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7. Appendices 

7.1. Episodes of the standardized protocol  

    

Index Type of physical behavior Extra Information Duration 

1 Standing Normal 10 seconds 

2 Lying Normal on back 1 minute 

3 Lying Normal on side 1 minute 

4 Lying Normal on back 1 minute 

5 Standing Normal  10 seconds 

6 Lying On back with bent knees 1 minute 

7 Lying Normal on side 1 minute 

8 Lying On back with bent knees 1 minute 

9 Standing Normal  10 seconds 

10 Lying On back with bent knees and crossed legs 1 minute 

11 Lying Normal on side 1 minute 

12 Lying On back with bent knees and crossed legs 1 minute 

13 Standing Normal  10 seconds 

14 Sitting Normal 30 seconds 

15 Sitting Crossed legs 1 minute 

16 Sitting Normal 30 seconds 

17 Standing Normal  10 seconds 

18 Sitting Normal 30 seconds 

19 Sitting Meditation pose 1 minute 

20 Sitting Normal 30 seconds 
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21 Standing Normal 10 seconds 

22 Sitting Normal 30 seconds 

23 Sitting Cozy position 1 minute 

24 Sitting Normal 30 seconds 

25 Standing Normal 10 seconds 

26 Stair walking Upwards one step at a time, normal speed 1 apartment level 

27 Walking Normal speed 30 seconds 

28 Stair walking Downwards one step at a time, normal speed 1 apartment level 

29 Walking Normal speed 30 seconds 

30 Stair walking Upwards one step at a time, brisk speed 1 apartment level 

31 Walking Normal speed 30 seconds 

32 Stair walking Downwards one step at a time, brisk speed  1 apartment level 

33 Walking Normal speed 30 seconds 

34 Stair walking Upwards one step at a time, running speed 1 apartment level 

35 Walking Normal speed 30 seconds 

36 Stair walking Downwards one step at a time, running speed 1 apartment level 

37 Walking Normal speed 30 seconds 

38 Stair walking Upwards two steps at a time, normal speed 1 apartment level 

39 Walking Normal speed 30 seconds 

40 Stair walking Downwards two steps at a time, normal speed 1 apartment level 

41 Walking Normal speed 30 seconds 

42 Stair walking Upwards two steps at a time, brisk speed 1 apartment level 

43 Walking Normal speed 30 seconds 

44 Stair walking Downwards one step at a time, normal speed 1 apartment level 

45 Walking Normal speed 30 seconds 
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46 Stair walking Upwards two steps at a time, running speed 1 apartment level 

47 Walking Normal speed 30 seconds 

48 Stair walking Downwards one step at a time, normal speed  

49 Standing Normal 10 seconds 

50 Walking Normal speed 1 minute 

51 Standing Normal 10 seconds 

52 Walking Brisk speed 1 minute 

53 Standing Normal 10 seconds 

54 Running Normal speed 30 seconds 

55 Standing Normal 10 seconds 

56 Running Brisk speed 30 seconds 

57 Standing Normal 10 seconds 

58 Cycling Varying between normal, pedaling while 

standing and glide episodes. Including pauses 

with different legs as balance providers. 

5-10 minutes 

59 Standing Normal 10 seconds 

    

7.2. Positions used per physical behavior in this study 

   

Physical behavior 

Specific feature of  

physical behavior Visual example 

Lying Normal on back 

 

 Normal on side 

 

 On back with bent knees 
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 On back with bent knees and 

crossed legs (leg with 

accelerometer on top) 
 

Sitting Normal  

 

 Crossed legs (leg with 

accelerometer on top) 

 

 Meditation pose 

 

 Cozy position 

 

 

Standing Normal 

 

 

 

 

 

Walking Normal speed 

 

 

 

 

 Brisk speed 

 

Running Normal speed 
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 Brisk speed 

 

 

Stair walking Upwards one step at a time, 

normal speed 

 

 Upwards one step at a time, 

brisk speed 

 

 Upwards one step at a time, 

running 

 

 Downwards one step at a time, 

normal speed 

 

 Downwards one step at a time, 

brisk speed 

 

 Downwards one step at a time, 

running 

 

 Upwards two steps at a time, 

normal speed 

 

 Upwards two steps at a time, 

brisk speed 

 

 Upwards two steps at a time, 

running 

 

 Downwards two steps a time, 

normal speed 
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Cycling Normal 

 

 Pedaling while standing 

 

 Glide (roll without pedaling) 

 

   

7.3. Example of accelerometer visualization output 

Simplified example of agreement review data. This data does not represent any participant in 

this, or any other, study.   
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