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a b s t r a c t 

Motion analysis using inertial measurement units (IMU) has emerged as an alternative to optical motion 

capture. However, the validity and reliability of upper limb measurements varies significantly between 

studies. The objective of this study was to determine how sensor placement affects kinematic output in 

the assessment of motion of the arm, shoulder, and scapula. IMUs were placed proximally/distally on 

arms, and medially/laterally on the scapula, in a group of eleven healthy participants, while performing 

nine different motion tasks. Linear regressions and mixed models analysed how these different sensor 

placements affected the estimated joint motion by establishing the linear relationship between sensors 

placed on the same body segment. 

The placement of sensors affected the measured kinematic output considerably, most prominent affect 

was seen for sensor placement on scapula during flexion and abduction, and on forearm during prona- 

tion/supination. The slope of the linear regression lines was 2.5 during flexion, 2.7 during abduction, and 

1.8 for forearm pronation/supination. The results of this study suggest that the forearm sensor should 

be placed on the dorsal side of the forearm, at the distal end; the upper arm sensor should be placed 

laterally, on the distal part of the arm; and the sensor on the scapula should be placed cranially, along 

the spine of scapula. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of IPEM. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Motion analysis has the potential to provide an objective, accu- 

ate and more detailed way to assess upper limb pathology. Opti- 

al skin-based marker systems are considered the gold standard 

or motion analysis, but they require the remittance of patients 

o a clinical movement laboratory [1] . Inertial measurement units 

IMUs), consisting of gyroscopes, accelerometers and magnetome- 

ers [2] are an alternative that can be used in ordinary clinics, since 

hey require only wearable IMU-sensors and a computer where 

ata are registered and analysed. Comparing sensor-based systems 

ith optical systems, recent studies show promising results regard- 

ng validity [3] and inter-system agreement [4] . However, as re- 

ently reviewed, limited conclusions of the validity and reliability 

or upper limb motion can be made due to the small number of 

tudies made for each joint [5] . Furthermore, the clinical use of 
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E-mail addresses: Helena.Grip@umu.se (H. Grip), Fredrik.Ohberg@umu.se (F. Öh- 

erg). 

a

d

p

p

a

3

ttps://doi.org/10.1016/j.medengphy.2021.03.010 

350-4533/© 2021 The Authors. Published by Elsevier Ltd on behalf of IPEM. This is an op

 http://creativecommons.org/licenses/by/4.0/ ) 
MUs is limited due to the lack of standardized and validated kine- 

atic protocols [6] . 

Lack of standardization of biomechanical models, calibration 

rocedures and sensor placements makes it impossible to identify 

he main source of measurement errors, which causes a high vari- 

bility between studies [5] . Another reason for inconclusive results 

elated to kinematic analysis of the upper body is the complex 

natomy in many of the upper body joints, including the spine and 

houlder complexes, which requires standardized placement of the 

ensors. 

Shoulder motion is often approximated with the movement of 

he upper arm relative to the upper thorax, but is in fact a combi- 

ation of the acromioclavicular, glenohumeral and scapuloclavicu- 

ar joints that both rotates and translates. Such simplifications are 

alid when studying, for example, arm swing during gait [7] , but 

ay be too simple when analysing more complex kinematics, such 

s scapular movement [8] . For example, the analysis of scapular 

ysfunction is important in obstetrical brachial plexus palsy (OBPP) 

atients where damage to one or more nerves forming the brachial 

lexus during birth causes an imbalance in the muscular forces 

cting on the scapula [9] . Although the majority fully recover, 20 to 

0% of effected children suffer from persistent symptoms to a vary- 
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Table 1 

Study participants. 

ID Sex (M/F) Age (Y) Weight (KG) Height (CM) Dominant arm (R/L) Length Upper arm (CM) Length forearm (CM) 

1 M 23 81 183 L 34 28 

2 F 23 70 175 R 32 26 

3 M 24 85 180 R 33 30 

4 F 27 57 168 R 32 26 

5 M 25 70 178 L 33 28 

6 F 28 67 173 R 33 26 

7 M 24 65 180 R 32 28 

8 M 24 85 195 R 37 33 

9 M 29 88 178 R 31 28 

10 F 34 74 171 R 32 27 

11 F 46 69 172 R 30 26 

M = Male, F = Female, Y = Years, KG = Kilogram, CM = centimeter, R = Right, L = Left. 
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ng degree [10] , including muscle weakness, contractures and bone 

eformities [11] , requiring long-term treatment and follow-up. To 

ake decisions regarding different treatment alternatives (surgery, 

hysiotherapy, or botulinum toxin type A injections [11] ) and to 

valuate the treatment outcome, different observational methods, 

uch as the Modified Mallet scale [12] and Active moment scale 

13] are used. The scales grade movement function during a set of 

rm motion tasks and although the scales are highly reliable [14] , 

hey have other weaknesses as observational methods. One such 

eakness is that an observed change in shoulder function may not 

mpact the outcome score [15] . Another weakness is the scales’ 

ailure to take into account how upper body joints are coordinated 

uring the motion tasks [16] . A kinematic analysis of upper body 

unction, based on the Mallet scale, may therefore strengthen the 

linical assessment of OBPP patients. To be able to implement this 

n clinic, a protocol based on portable sensors must be validated. 

To our knowledge, few or no studies have investigated how IMU 

ensor placement affects kinematic variables during upper limb 

otion measurements. We hypothesized that the kinematic vari- 

bles from the sensor is position dependent due to artefacts from 

uscle contractions and skin movements but also due to the com- 

lexity of joint anatomy. The objective of this study was there- 

ore to evaluate the effect on kinematic variables from distal and 

roximal sensor placements on arms, and from lateral and medial 

lacements on the scapula, in a group of healthy individuals, while 

erforming standardized arm movements included in the modified 

allet scale. 

. Methods 

.1. Participants 

The study group consisted of five female and six male partic- 

pants with a mean age of 28 ± 6.5 years (see demographics in 

able 1 ). One exclusion criterion was the presence of impairment 

n upper-limb range of motion. Participants were recruited among 

taff of the Department of Biomedical Engineering at the University 

ospital of Umeå and among the student body of Umeå University. 

ritten, informed consent was obtained from all participants prior 

o inclusion. The study was approved by the Swedish Ethical Re- 

iew authority (Dnr 09–20 M, supplemented with Dnr 201–232–

2 M). 

.2. Equipment 

Motion was assessed by a portable movement-analysis system, 

ncluding seven IMU sensors (MoLab TM , AnyMo AB, Umeå, Swe- 

en). Each sensor contained a three-dimensional gyroscope (16- 

it, range ±20 0 0 °/s), a three-dimensional accelerometer (16-bit, 

ange ±16 g) and a three-dimensional magnetometer (13-bit, range 
2 
1200 μT). The sample frequency was set to 100 Hz, and data 

ere sent wirelessly to a laptop (Dell Latitude 7400, Intel i5, 8 

B ram). The system was validated for shoulder and elbow motion 

n previous studies, showing high within-subject reliability for se- 

ected outcome variables, and high accuracy in angular data, com- 

ared to optical motion capture systems, with a systematic error 

f a few degrees [ 17 , 18 ]. 

.3. Test procedure 

The sensors were placed as follows: one sensor on sternum; 

wo on the right scapula; two on the right upper arm; and two 

n the right forearm (see Fig. 1 ). The medial scapula sensor was 

laced cranial to the spine of scapula, at its 1/3 medial portion, 

nd the lateral was placed on the flat surface of acromion. On the 

pper arm, the proximal sensor was placed centered on the lat- 

ral side of the upper arm, and the distal was placed at the distal 

art of the arm, at a distance from the elbow joint correspond- 

ng to one third of the arm’s length. The proximal forearm sensor 

as placed centered on the dorsal side of the forearm, and the dis- 

al sensor was placed dorsally at the distal end, close to the ulnar 

rocess. Sensors placed on the scapula and sternum were attached 

ith double-sided surgical tape, and the arm sensors were fixed 

sing elastic Velcro straps ( Fig. 1 ). 

To prevent magnetic disturbance from affecting the magne- 

ometers in the IMU sensors, participants sat on a wooden chair. 

he test procedure was standardized and carried out by the same 

edical student. It consisted of nine arm-movement tasks based 

n the Modified Mallet Scale [12] ( Table 2 ), with the excep- 

ion that ‘external rotation’ was replaced by ‘shoulder internal- 

xternal rotation’. In addition, standardized range of motion mea- 

urements were performed: ‘shoulder flexion-extension,’ ‘elbow 

exion-extension.’ and ‘forearm pronation- supination’. All tasks 

ere repeated five times with the right arm. Each task began with 

he right arm in neutral position, defined here as the arm hang- 

ng vertically, alongside the participant, with the palm of the hand 

ointing medially. Before each new task, the participant received 

erbal instruction and a physical demonstration of how to perform 

he required movement. 

.4. Joint angle definitions 

Motion of the scapulothoracic ( Scapula ), humerothoracic ( Shoul- 

er ) and elbow ( Elbow ) joint were analysed. The anatomical co- 

rdinate system was defined according to recommendations from 

he International Society of Biomechanics (ISB) [19] . Scapula and 

houlder joint angles were defined by the motion of the scapula 

nd upper arm respectively, relative to the thorax. Two different 

oint angles were analysed for each joint; elevation ( Fig. 2 a and 

) and rotation ( Fig. 2 c). ‘Elevation’ was defined as the angle of 
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Fig. 1. Sensor placement. 

Table 2 

Task description. 

Task Description Type of task Motion assessed 

Shoulder FE Maximal flexion and extension in the sagittal 

plane, straight arm. 

Single plane Scapula: elevation, Shoulder: elevation 

Shoulder AB Maximal abduction in the frontal plane, straight 

arm. 

Single plane Shoulder: elevation, Shoulder: elevation 

Shoulder ROT Maximal internal and external rotation, elbows 

bent to 90 °, upper arms along the thorax. 

Single plane Shoulder: rotation 

Elbow FE Maximal flexion and extension in the sagittal 

plane. 

Single plane Elbow: flexion-extension 

Forearm PS Maximal pronation and supination, elbows bent 

to 90 °, upper arms along the thorax. 

Single plane Elbow: pronation-supination 

Hand-to-neck Placing the hand on the back of the neck. Compound task Scapula: elevation and rotation, shoulder: elevation and rotation, 

elbow: flexion-extension and pronation-supination 

Hand-to-spine Placing the back of the hand on the back, as 

superiorly as possible. 

Compound task Scapula: elevation and rotation, shoulder: elevation and rotation, 

elbow: flexion-extension and pronation-supination 

Hand-to-mouth Placing the fingers on the mouth. Compound task Scapula: elevation and rotation, shoulder: elevation and rotation, 

elbow: flexion-extension and pronation-supination 

Hand-to-belly Placing the hand on the belly. Compound task Scapula: elevation and rotation, shoulder: elevation and rotation, 

elbow: flexion-extension and pronation-supination 

FE: Flexion-extension, AB: Abduction-adduction, ROT: Internal-external rotation, PS: Pronation-supination, Scapula: Scapulothoracal joint, Shoulder: Humerothoracal joint, 

Elbow: Elbow joint. 

Fig. 2. Analyzed planes/rotation axis. a-b: elevation c: rotation d: flexion-extension e: pronation-supination. 

3 
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he moving segment’s (scapula or upper arm) long axis relative to 

he long axis of the reference segment (i.e., thorax). ‘Rotation’ was 

efined as the angle between the moving segment relative to the 

horax in the transversal plane. These angular conventions were 

elected to avoid gimbal lock, occasionally observed during use of 

he Euler sequence [20] . Motion in the Elbow joint ( Fig. 2 d and e)

as defined as the rotation of the forearm relative to the prox- 

mal upper arm sensor, and the Cardan sequence XYZ was used 

o describe flexion-extension (X) and pronation-supination (Z). Five 

asks, ‘shoulder flexion-extension’, ‘shoulder abduction-adduction’, 

shoulder internal-external rotation’, ‘elbow flexion-extension’ and 

forearm pronation-supination’ were considered to occur in a sin- 

le plane, and the motion was therefore only analysed in one 

lane during each task. The other tasks were considered com- 

ound and analysed in two planes of motion: rotation and eleva- 

ion for Shoulder and Scapula joints and flexion-extension (X) and 

ronation-supination (Z) for the Elbow joint ( Table 2 ). Because two 

MU sensors were placed on each segment two sets of joint an- 

les were simultaneously obtained for each of the three defined 

oints. 

.5. Data analysis and statistics 

The sensor data were pre-processed using the MoLab TM analy- 

is software, in which raw data from the gyroscope, accelerome- 

er and magnetometer were combined through a fusion algorithm 

nto joint angles [21] , where the filter gain β (i.e., a parameter con- 

rolling the amount by which the accelerometer and magnetome- 

er correct the orientation estimated by the gyroscope) was set to 

.03. Each repetition was defined by the time interval that began 

hen the arm started its movement and ended when the arm re- 

urned to its initial position. These events were set manually after 

isual inspection of the kinematic curves and the animated skele- 

on model. Kinematic data was then time-normalized between two 

uccessive events and exported for further statistical analysis. The 

oftware IBM SPSS Statistic (version 26, IBM Corp., Armonk, NY, 

SA) were used for all statistical analyses. The linear relationship 

etween time-normalized data from the proximal/medial and dis- 

al/lateral sensor for each task and segment were analysed by a 

inear regression, where the slope of the regression line and the 

oefficient of determination (R 

2 -value) were calculated. 

To further analyze the relationship between sensor placement 

nd kinematic output, and to handle the repeated nature of the 

ollected data, a linear mixed model analysis was carried out for 

ach joint and task. In analysing the single plane tasks, the angu- 

ar data calculated from the distal/lateral sensor was set as the de- 

endent variable, the angular data from the proximal/medial sen- 

or was set as a fixed independent covariate, and study person 

as used as random intercept. In analysing compound tasks, Plane 

rotation and elevation for Scapula and Shoulder joints, flexion- 

xtension and supination-pronation for Elbow joint) was used for 

plitting the analysis into two separate analyses, i.e., one for each 

lane. A Type-III test of fixed effects was used for testing, where 

here was a significant fixed independent covariate (i.e., if it devi- 

tes from zero). 

The estimation method used for finding parameters that de- 

cribe the fixed effect (i.e., independent covariate) and covariance 

tructure (set to variance components) was the restricted maxi- 

um likelihood (REML). The alpha value was set to 0.05 for all 

tatistical tests. To assess the normality assumption, scatter plots of 

esiduals were examined to assess homoscedasticity and normality. 

. Results 

Measurement data were collected from all eleven participants. 

ata from the task ‘hand-to-spine’ were excluded for one partici- 
4 
ant, due to poor calibration. Scatter plots, together with the re- 

ults of the linear regression and R 

2 -values for the single plane 

nd compound tasks, are illustrated by Figs. 3 and 4 , respectively. 

he type-III test showed a significant fixed independent covariate 

 p < 0,001) for all tasks (i.e., both single plane and compound). 

esults from the analysis of the estimated fixed effect of linear 

ixed models are presented in Table 3 for the single plane tasks, 

nd Table 4 for the compound tasks. 

.1. Scapulothoracal joint 

For the Scapula joint, ‘shoulder flexion-extension’ and ‘shoul- 

er abduction-adduction,’ slopes of the linear regressions were 2.5 

nd 2.7, with R 

2 -values of 0.88 and 0.84, respectively. The same 

asks showed an estimated fixed effect of 2.56 (2.55–2.58) and 1.92 

1.90–1.94). For the compound tasks, the elevation measurements 

ad linear regression slopes ranging from 0.9 for ‘hand-to-belly’ to 

.6 for ‘hand-to-neck,’ which presented the highest R 

2 -value, 0.85. 

esults from ‘hand-to-neck’ also had the highest fixed effect, 2.89 

2.87–2.91). 

Results for the compound tasks showed linear regression slopes 

etween 0.7 and 1.3, and R 

2 -values ranging between 0.13 and 0.86 

or motion in rotation plane. The largest slope (1.3), and R 

2 -value 

0.86), were obtained in ‘hand-to-spine’. 

.2. Humerothoracal joint 

The linear regression showed slopes of 1.1, and R 

2 -values of 

.00, for both single plane tasks (‘shoulder flexion-extension’ and 

shoulder abduction-adduction’) which measured motion in the el- 

vation plane. The fixed effects were 1.07 (1.07–1.08) for ‘shoulder 

exion-extension,’ and 1.06 (1.06–1.06), for ‘shoulder abduction- 

dduction’. The obtained linear regression slope was 0.6 in ‘hand- 

o-belly,’ with a R 

2 -value of 0.59, for motion in the elevation plane. 

he other compound tasks showed linear regression slopes ranging 

etween 1.0 and 1.3 for elevation in the Shoulder joint, and pre- 

ented R 

2 -values between, 0.98 and 1.00. The fixed effect was 0,57 

0.56–0.58) for ‘hand-to-belly,’ and ranged between 0.95 (0.95–

.96) and 1.31 (1.30–1.31) for the other compound tasks. 

Motion in the rotation plane showed a linear regression slope of 

.4, a R 

2 -value of 0.94, and a fixed effect of 1.45 (1.44–1.45) for the

ingle plane task ‘shoulder internal-external rotation.’ The com- 

ound tasks showed regression slopes ranging between 1.0 and 1.2, 

ith R 

2 -values between 0.79 and 0.87. The fixed effects of motion 

n the rotation plane were smallest in ‘hand-to-mouth’ 0.97 (0.96–

.98) and largest in ‘hand-to-belly,’ at 1.39 (1.38–1.40). 

.3. Elbow joint 

‘Elbow flexion-extension’ showed a linear regression slope of 

.0, R 

2 -value of 0.94, and a fixed effect of 1.04 (1.04–1.04). Linear 

egression slopes for flexion-extension motion in the Elbow ranged, 

or the compound tasks, between 1.0 and 1.2, with R 

2 -values of 

.93 to 0.99. The compound task showed fixed effects between 1.01 

1.01–1.01), in ‘hand-to-mouth,’ and 1.25 (1.24–1.26) in ‘hand-to- 

pine.’ 

Pronation-supination motion in the single plane task ‘forearm 

ronation-supination’ had a linear regression slope of 1.8, a R 

2 - 

alue of 0.91 and a fixed effect of 1.86 (1.85–1.86). The same mo- 

ion had linear regression slopes ranging from 0.6 to 1.2, R 

2 -values 

etween 0.20 and 0.87, and fixed effects ranging between 0.55 

0.53–0.57) and 1.18 (1.17–1.19). ‘Hand-to-spine,’ which had the 

ighest R 

2 -value for pronation-supination of the compound tasks 

0.87), showed both the largest slope (1.2) and fixed effect 1.18 

1.17–1.19). 
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Fig. 3. Scatter plot, linear regression, and R 2 -value for single plane tasks. Angles in degrees. 1a-b: Flexion-extension, 2a-b: Abduction-adduction, 3: Shoulder internal external 

rotation, 4: Elbow flexion-extension, 5: Pronation supination. Flex-ext: Flexion-extension, Pro-sup: Pronation-supination. P-values for linear regression analysis was below 

0.001 for all tasks. 
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. Discussion 

The purpose of this study was to investigate the importance of 

MU sensor placement when performing upper limb tasks com- 

only used in the evaluation of individuals with OBPP. Although 

oft tissue artefact is an established source of measurement er- 

or during non-invasive motion analysis [22] , and although sensor 

lacement is known to influence the magnitude of this soft tissue 

rtefact [23] , no studies have been made investigating the impor- 

ance of IMU sensor placement on upper limb motion measure- 

ents. The results of this study show that sensor placement has a 
5 
onsiderable effect on motion measurement, which could explain 

he inconclusive validity and reliability reported for measurements 

f upper limb motion using sensor-based systems in previous stud- 

es [5] . 

Results showed a stronger linear relationship, with higher R 

2 - 

alues for the single plane tasks when compared to compound 

asks. This result is in line with the review made by Poitras et.al 

5] , which concluded that the validity of IMU measurements de- 

reased with task complexity. Apart from motion complexity, the 

 

2 -value obtained differed between the joints analysed, with over- 

ll higher R 

2 -values for Shoulder and Elbow , when compared with 
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Fig. 4. Scatter plot (10% of all data points), linear regression, and R 2 -value for compound tasks. Angles in degrees. 1a–c: Hand-to-neck, 2a–c: Hand-to-spine, 3a–c: Hand-to- 

mouth, 4a–c: Hand-to-belly. Flex-ext: Flexion-extension, Pro-sup: pronation-supination. P -values for linear regression analysis was below 0.001 for all tasks. 

Table 3 

Mixed model analysis of single plane tasks. Estimated fixed effect of angle derived from 

distal sensor with angle derived from proximal sensor. Data presented with 95% confi- 

dence interval within parentheses. 

Task n Joint Motion assessed Fixed effect 

Shoulder FE 11,000 Scapula Elevation 2.56 (2.55–2.58) 

Shoulder Elevation 1.07 (1.07–1.08) 

Shoulder AB 11,000 Scapula Elevation 1.92 (1.90–1.94) 

Shoulder Elevation 1.06 (1.06–1.06) 

Shoulder ROT 11,000 Shoulder Rotation 1.45 (1.44- 1.45) 

Elbow FE 11,000 Elbow Flexion-extension 1.04 (1.04–1.04) 

Forearm PS 11,000 Elbow Pronation-supination 1.86 (1.85–1.86) 

FE: Flexion-extension, AB: Abduction-adduction, ROT: Internal-external rotation, PS: 

Pronation-supination, Scapula: Scapulothoracal joint, Shoulder: Humerothoracal joint, El- 

bow: Elbow joint. 

6 
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Table 4 

Mixed model analysis of compound tasks. Estimated fixed effect of angle derived from dis- 

tal sensor by analyzed plane and with angle derived from proximal sensor. Data presented 

with 95% confidence interval within parentheses. 

Task N Joint Plane 1 ∗ Plane 2 ∗∗

Hand-to-neck 22,000 Scapula 2.89 (2.87–2.91) 0.95 (0.92–0.98) 

Shoulder 1.18 (1.18–1.18) 1.11 (1.10–1.12) 

Elbow 1.01 (1.01–1.01) 0.55 (0.53–0.57) 

Hand-to-spine 20,000 Scapula 1.31 (1.29–1.34) ∗∗∗ 1.20 (1.19–1.21) ∗∗∗∗

Shoulder 0.95 (0.95–0.96) 1.25 (1.23–1.26) 

Elbow 1.25 (1.24–1.26) 1.18 (1.17–1.19) 

Hand-to-mouth 22,000 Scapula 2.08 (2.05–2.11) 1.05 (1.02–1.09) 

Shoulder 1.31 (1.30–1.31) 0.97 (0.96–0.98) 

Elbow 1.00 (1.00–1.01) 0.81 (0.81–0.82) 

Hand-to-belly 22,000 Scapula 0.81 (0.79–0.83) 1.12 (1.10–1.15) 

Shoulder 0.57 (0.56–0.58) 1.39 (1.38–1.40) 

Elbow 1.03 (1.03–1.03) 0.84 (0.83–0.85) 

Scapula: Scapulothoracal joint, Shoulder: Humerothoracal joint, Elbow: Elbow joint. 
∗ Elevation for Scapula and Shoulder and flexion-extension for Elbow. 
∗∗ Rotation for Scapula and Shoulder and pronation-supination for Elbow. 
∗∗∗ No significant interaction type-III test. 
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capula . Another factor, especially prominent in the results from 

he compound tasks, was the considerably lower R 

2 -values of tasks 

ith a low range of motion. 

.1. Scapulothoracal joint 

Sensor placement had a considerable effect on the measure- 

ent of elevation of the Scapula joint, during ‘shoulder flexion- 

xtension,’ and during ‘shoulder abduction-adduction.’ This can be 

een in Fig. 3 , where the slope of the regression line was 2.5, and

.7, respectively, with a R 

2 -value above 0.8, and in Table 3 , where

he estimated fixed effect of the angle derived from the distal 

cromion sensor, with the angle derived from the proximal scapula 

pina sensor, was 2.56 (2.55–2.58) and 1.92 (1.90–1.94), respec- 

ively. ‘Hand-to-neck’ had a similarly sloped regression line, and an 

 

2 -value similar to the single plane tasks, and considerable higher 

 

2 -value compared with the other compound tasks ( Fig. 4 ). This is

lso seen in Table 4 , where the estimated fixed effect of the angle

erived from the distal acromion sensor, with the angle derived 

rom the proximal scapula spina sensor, was 2.89. In addition, the 

ensor placement had similar effect on the ‘hand-to-mouth’ task, 

ut with a lower R 

2 -value ( Fig. 4 and Table 4 ). 

Of the measured rotation of the Scapula joint during compound 

asks, ‘hand-to-spine’ showed the highest R 

2 -value, 0.86, and lin- 

ar regression slope, of 1.3. The other compound tasks presented 

onsiderably lower R 

2 -values (0.13–0.44) ( Fig. 4 ). The results are 

onfirmed in Table 4 , where the effect of angle derived from dis- 

al sensor, with angle derived from proximal sensor, showed the 

argest fixed effect, 1.2, for ‘hand-to-spine’. 

One cause of these results may be interference from the del- 

oideus muscle over the acromion, which causes the greater range 

f motion of the sensor placed over acromion. Compared with a 

tudy [24] exploring the humeroscapular rhythm using bone pins, 

he motion of the spina sensor is more in line with their results, 

nd therefore considered to be more accurate and preferable when 

tudying motions of the Scapula joint. 

.2. Humerothoracal joint 

Results from the single plane tasks showed that sensor place- 

ent has relatively little impact on the assessed elevation angle. 

een in Fig. 3 the slope of the regression lines is 1.1 for both, the

wo tasks showed a very strong linear regression, with R 

2 -values of 

.00. The same conclusions could be made from the results of the 

inear mixed model analysis, reported in Table 3 , which showed a 
7 
xed effect of 1.07 (1.07–1.08) for ‘shoulder flexion-extension,’ and 

.06 (1.06–1.07) for ‘shoulder abduction-adduction’. The slope of 

he linear regression of the compound tasks, in Fig. 4 , showed re- 

ults similar to the single plane task for tasks ‘hand-to-neck’ (1.2), 

hand-to-spine’ (1.0), and, to some extent, ‘hand-to-mouth’ (1.3), 

ll of which had high R 

2 -values, ranging between 0.98 and 1.00. 

Hand-to-belly’ differed considerably, with a slope of 0.6, and a 

ow R 

2 -value, of 0.59. The same tendencies can be seen in Table 4 ,

here ‘hand-to-belly’ was the task in which the fixed effect of an- 

le derived from distal sensor, with angle derived from proximal 

ensor, differed most from the single plane task. The low R 

2 -value, 

nd divergent result of ‘hand-to-belly,’ was probably caused by lack 

f motion in the elevation plane during task performance. 

Greater importance of sensor placement for Shoulder joint mo- 

ion could be seen in the rotation plane. For the single plane task 

Shoulder internal-external rotation,’ seen in Fig. 3 , the slope of the 

egression line was 1.4, R 

2 -value was 0.94, and the estimated fixed 

ffect of the angle derived from the distal upper arm sensor, with 

he angle derived from the proximal upper arm, was 1.45 (1.44–

.45) ( Table 3 ). As seen in Fig. 4 , the compound tasks ‘hand-to-

pine,’ and ‘hand to belly,’ showed larger motion in the distal sen- 

or, with slopes of 1.2 for both tasks, and R 

2 -values of 0.80 and

.79, respectively. This can also be seen in Table 4 , where the fixed 

ffect of ‘hand-to-spine’ was 1.25 (1.23–1.25) and 1.39 (1.38–1.40). 

he suspected cause of the modest impact of sensor placement, in 

he other tasks, is thought to be the lack of motion in the rotation 

lane. 

The smaller range of motion for the proximal sensor is thought 

o be due to greater soft tissue interference. This suggests that 

ore distal sensor placement would be preferable to more proxi- 

al placement. Furthermore, the greater importance of upper arm 

ensor placement for measurements in the rotation plane might 

xplain the high variability of validity for IMU measurements for 

houlder rotation, compared to shoulder flexion and abduction, 

een in the review by Poitras et al. [5] . 

.3. Elbow joint 

Seen in Fig. 3 , Elbow joint showed no effect of the distal sen-

or, relative to the proximal, with a linear regression slope of 1.0, 

nd a high R 

2 -value of 0.94 for ‘elbow flexion-extension.’ A mod- 

st impact was seen for the task in the linear mixed model anal- 

sis, Table 3 , with a fixed effect of 1.04 (1.04–1.04). Elbow flexion- 

xtension showed, like the single plane task, no effect of sensor 

lacement on the regression line in all compound tasks, except 
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or ‘hand-to-spine,’ R 

2 -values were between 0.93–0.99 ( Fig. 4 ). Like 

he single plane task, a small impact from sensor placement was 

een in the compound tasks ( Table 4 ) except ‘hand-to-spine,’ which 

howed a fixed effect of 1.25 (1.24–1–26). 

Greater impact from sensor placement could be seen in the El- 

ow joint for pronation-supination. The single plane task ‘forearm 

ronation-supination,’ showed a regression slope of 1.8 (R 

2 -value 

f 0.91), as seen in Fig. 3 , and in Table 3 , where the fixed effect

as 1.86 (1.85–1.86). This result differed substantially from the re- 

ults of Elbow joint pronation-supination in the compound tasks, as 

een in Fig. 4 , where slopes range from 0.6 to 1.2, with R 

2 -values

etween 0.2 and 0.87; and in Table 4 , where fixed effects range 

etween 0.55 (CI95 0.53–0.57) and 1.18 (CI95 1.17–1.19). This di- 

ergence between the single plane tasks, and compound tasks, is 

hought to be due to sensor crosstalk (i.e., an error involving mis- 

ligned axes during sensor placement), also mentioned by Groves 

25] . The larger range of motion for the distal sensor in the ‘fore-

rm pronation-supination’ task is assumed less due to soft tissue 

ntervention, than the greater distance from the joint’s center of 

otation. 

.4. Strengths and limitations 

Both strengths and limitations can be noted in this study. One 

eakness is the limited participant cohort of 11 included partic- 

pants, without any known disability in the upper body. The al- 

ered motion pattern of individuals diagnosed with OBPP is well 

nown [26] and this might influence the outcome from different 

ensor placements in another way than in healthy individuals. Fur- 

hermore, the importance of sensor placement was evaluated by 

he comparison of measurements from two sensors, rather than 

stablishing the actual accuracy of the system. Also, the source 

f the measurement discrepancy between different sensor place- 

ents was not investigated. The sensor crosstalk believed to affect 

he angular results from the Elbow joint (i.e. pronation-supination 

otion in the compound tasks), might have been prevented if an- 

ther calibration method had been used. Ligorio et al. [27] pre- 

ented a functional calibration method, where crosstalk for supina- 

ion pronation was equal to the crosstalk seen with an optical ref- 

rence system. 

The study’s strengths include the use of the same test leader 

o conduct all tests, and the use of a predefined measurement 

rotocol. This prevented possible interrater discrepancy. Another 

trength was the concurrent assessment of measurement from all 

ensors, gathered from the same motion at the same time. 

.5. Clinical implications 

The result of this study implicates that a standardized protocol, 

ncluding standardized sensor placement, is essential for reliable 

pper body motion analysis. Sensor placement on the flat surface 

f the acromion had a large effect on angular measurements of the 

capula joint, as compared to placement cranial to the spine of the 

capula. This is most likely due to large movements of the deltoid 

uscle that occur during elevation of the shoulder, which cause 

he sensor to increase its elevation more than the movement of 

capula. The sensor placement seemed to have little importance 

or Shoulder motion in the elevation plane, but considerable effect 

hen measuring motion in the rotation plane. The difference in 

he assessed angle in the rotation plane is probably caused by the 

ffect of greater soft tissue, over the central portions of the up- 

er arm, on the proximal sensor. When analysing the Elbow , the 

ensor placement was important in ‘pronation supination’ motion 

irection, which is natural, since the rotation is larger in the distal 

nd of the arm, compared to the proximal end, due to restrictions 
8 
n how the radius and ulna are attached to the proximal radioul- 

ar joint. Flexion-extension was less affected by sensor placement, 

ince the humeroulnar joint is a hinge-joint that allows for flex- 

on and extension only, thereby affecting the sensors equally, since 

hey are placed along an approximately straight line. 

Based on the results from this study, certain single plane tasks, 

.g., Shoulder flexion-extension, abduction-adduction, and Elbow 

exion-extension, can be especially recommended for repeated 

linical measurements, since they are less affected by sensor place- 

ent. In single plane tasks, e.g., Shoulder internal-external rotation, 

here sensor placement had a greater influence on the assessed 

ngle, placement should be well considered and documented to 

btain accurate and reliable clinical measurements. As mentioned 

arlier, the impact of sensor placement on compound tasks showed 

roader and less predictable influence of motion measurements. 

he added value of objective motion measurements for these tasks 

hould be considered, if used clinically. Objective measurements 

f joint movements, in connection with single plane and com- 

ound movements, do not appear to provide greater added value 

s merely measuring the single plane movements. Nevertheless, in 

he study of strategies for task achievement, objective measure- 

ents of compound tasks could prove valuable to future studies, 

nd have clinical implications. We also believe that objective mea- 

urements of joints in the upper extremities will provide informa- 

ion crucial for the long-term measurement of daily life activities. 

. Conclusion 

In summary, sensor placement affects the obtained kinematic 

utput differently, depending on the analysed joint and plane of 

otation. The placement of sensors on the scapula considerably af- 

ected the measured kinematic output during flexion and abduc- 

ion, and on the forearm during pronation and supination. To re- 

uce the influence of underlying muscle and skin movements, our 

esults recommend the following placement of motion sensors: On 

he dorsal side, at the distal end of the forearm (i.e., as close to the

lnar process as possible); the upper arm sensor, laterally, on the 

istal part of the arm; and the scapula sensor, cranially, along the 

pine of the scapula. 
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