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Abstract

The purpose of this study was to validate a commercially available IMU system against a standard 

lab-based motion capture system for the measurement of shoulder elevation, elbow flexion, trunk 

flexion/extension and neck flexion/extension kinematics. The validation analyses were applied to 

six surgical faculty members performing a standard, simulated surgical training task that mimics 

minimally invasive surgery. Three-dimensional joint kinematics were simultaneously recorded by 

an optical motion capture system and an IMU system with six sensors placed on the head, chest, 

and bilateral upper and lower arms. The sensor-to-segment axes alignment was accomplished 

manually. The IMU neck and trunk IMU flexion/extension angles were accurate to within 2.9±0.9 

degrees and 1.6±1.1 degrees, respectively. The IMU shoulder elevation measure was accurate to 

within 6.8±2.7 degrees and the elbow flexion measure was accurate to within 8.2±2.8 degrees. In 

the Bland-Altman analyses, there were no significant systematic errors present; however, there was 

a significant inversely proportional error across all joints. As the gold standard measurement 

increased, the IMU underestimated the magnitude of the joint angle. This study reports acceptable 

accuracy of a commercially available IMU system; however, results should be interpreted as 

protocol specific.
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Introduction

Upper body kinematic measures are widely used in ergonomics1–2 , orthopedics 3–4, and 

rehabilitation 5–7 to describe normal and pathological motion of the trunk, head, and arms. 

Traditional methods of motion capture utilize marker-based and electromagnetic laboratory-

based systems to acquire highly accurate (within 1–3°) kinematic quantification6. While 

continued use of kinematic measurement within the laboratory is important and necessary, 

there is increased interest in the research and clinical practice communities to capture human 

motion outside of the laboratory setting8–10. Capturing kinematics during daily activities 

performed in their natural setting can advance our understanding of the cumulative 

biomechanical stress placed on joints that lead to musculoskeletal injury and disease11 that 

have been previously quantified with the use of 2D video analysis or subject 

observation12–13. Objective measurement of kinematics outside the laboratory requires 

wearable sensors that are easy to apply, unobtrusive, and reach a level of accuracy sufficient 

to answer the study question.

Inertial measurement units (IMUs) have grown in popularity for the measurement of joint 

motion outside of the laboratory. Current commercially available IMU sensors have a small 

form factor and easily attach to body segments with elastic straps. IMU sensors contain a 

gyroscope, magnetometer and accelerometer, and the fusion of this data provides the 3D 

rotations of each segment that can be applied directly in traditional kinematic calculation 

algorithms. However, prior to widespread application of IMUs in the real world, the sensors 

and collection protocols need to be validated. Validation studies of IMUs used to capture 

upper and lower body kinematics are increasing14–30.

To add to the body of literature documenting the accuracy of IMU systems for upper 

extremity kinematics, the purpose of this study was to validate a commercially available 

IMU system against a standard lab-based motion capture system for the measurement of 

shoulder elevation, elbow flexion, trunk flexion/extension and neck flexion/extension 

kinematics. For the future application of measuring the upper extremity biomechanics of 

surgeons during minimally invasive surgery, the validation analyses in this study were 

applied to participants performing a standard, simulated surgical training task that mimics 

minimally invasive surgery.

Methods

Participants

The Mayo Clinic Institutional Review Board approved the study and written informed 

consent was obtained from all research participants. Six surgical faculty members (3 male 

and 3 female) who perform minimally invasive surgery participated in this study. The mean

±standard deviation age was 45±7 years, weight was 79.5±9.8 kg, and height was 176±9.8 

cm. All six participants were right hand dominant.

Surgical-task Protocol

The IMUs were validated during the performance of a single task from The Fundamentals of 

Laparoscopic Surgery program (SAGES/ACS, FLS Program, Los Angeles, CA, USA), 
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which includes a standard set of basic skills in minimally invasive laparoscopy31–32. Each 

surgeon performed the peg transfer task once using standard straight laparoscopic surgical 

instruments (Ethicon, 2015), with simultaneous measurement of joint motion captured with 

markers from the standard lab-based motion capture system and IMUs attached to the upper 

body segments (Figure 1). For the peg transfer task, the surgeon must grasp and transfer six 

small triangle shaped objects on a pegboard starting with the non-dominant hand and 

transferring midair to the dominant hand32–34. Once all six objects have been transferred to 

the opposite side of the pegboard, the procedure is reversed and each object is grasped with 

the dominant hand and transferred to the non-dominant hand and placed on the original side 

of the pegboard.

Standard Lab-based Kinematic Measurement

Three-dimensional marker trajectories of 12.5-mm reflective markers were placed on the 

surgeons’ head, trunk, upper arms and forearms and were recorded during the surgical task 

(80-Hz) using a 10 camera, Raptor 12 Digital RealTime Motion Capture System (Motion 

Analysis Corp., Santa Rosa, CA, USA). Local anatomic coordinate systems, following the 

right hand rule, were defined for each segment based on the upper extremity marker set 

(Table 1) as was described in full detail previously5. Static calibration (Arms down, thumbs 

forward) and dynamic movement trials of the surgeon were recorded for subsequent 

kinematic processing of the surgical task.

Inertial Measurement Unit Kinematic Measurement

Three-dimensional joint kinematics were simultaneously recorded (80 Hz) during the 

surgical task with an IMU system with six sensors (Opal™, APDM, Inc., Portland, OR 

USA) worn on the base of the back of the surgeon’s head, anterior sternum, and the lateral 

aspect of the bilateral upper-arms and forearms (Figure 1). All IMU sensors were similarly 

aligned with the positive y-axis pointing superiorly in the anatomical position. The static 

calibration pose for the IMUs was collected at the same time as the motion capture system 

static pose. For dynamic motion trials, data from the standard lab system and the IMU 

system were synchronized in time based on the upper arm elevation angles. The participants 

began each trial with their arms elevated above 45 degrees. When the trial began, the 

participants rapidly lowered their arms to neutral prior to picking up the surgical tools. The 

point of minimum elevation was identified in both the IMU and lab-based motion capture 

system signals for each joint for synchronization.

Data analyses

The standard lab-based kinematic data were filtered (6 Hz 4th order Butterworth filter) and 

processed with Visual3D software (CA-Motion, Inc., Germantown, MD) to produce three-

dimensional marker trajectories. Euler joint angles5 were calculated for the peg transfer 

surgical task with reference to the static calibration pose. Shoulder elevation was defined as 

the upper arm motion relative to the trunk using the second rotation of the YXY rotation 

order (plane of elevation, elevation angle, and transverse plane)35. Elbow flexion was 

defined as the forearm relative to the upper arm, neck flexion/extension was defined as the 

head motion relative to the trunk, and trunk flexion/extension was defined as the trunk 

motion relative to the global coordinate system, all in the sagittal plane using a ZXY rotation 
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order (sagittal, coronal, and transverse plane). To normalize the data with respect to time, the 

movement cycle was defined as the start of the task (i.e., initial grasp of the instrument) to 

the end of the task (i.e., release of grasp of the instrument). In addition to the time-series 

Euler angles for the joint motions described above, the maximum, minimum, mean, and 

range of motion of the Euler angles were determined for each joint for each participant.

Accelerometer, gyroscope, and magnetometer data from the IMU sensor data were fused 

into quaternion rotation matrices in Motion Studio software (APDM, Inc., Portland, OR 

USA). The quaternion rotation matrices were transformed into joint-specific Euler angles as 

described in the standard lab-based kinematic data analysis description using custom scripts 

programmed in MATLAB® (R2015b, Mathworks Inc., Natick, MA USA). The data from all 

segments were low-pass filtered (6 Hz 4th order Butterworth filter).

Validation Analyses

Data from the neck, trunk and the dominant right shoulder and elbow were utilized from 

each participant for the validation. The sample-to-sample RMS error was calculated to 

quantify the accuracy of the time-series kinematic data from the IMU system relative to the 

gold standard for each participant. Absolute differences were calculated between the gold 

standard and IMU system for the maximum, minimum, mean and range of motion measures 

from each joint angle. Group averages and standard deviations are reported for all measures. 

Additionally, Bland-Altman and ICC(A,1) methods were utilized to compare joint angles 

between the gold standard and IMU system36. In the Bland-Altman plots, systematic error is 

present if the mean is greater than or less than zero.

Results

The IMU neck and trunk IMU flexion/extension angles were accurate to within 2.9±0.9 

degrees (RMS error) and 1.6±1.1 degrees (RMS error), respectively (Table 2). The IMU 

shoulder elevation measure was accurate to within 6.8±2.7 degrees (RMS error) and the 

elbow flexion measure was accurate to within 8.2±2.8 degrees (RMS error) (Table 2). In the 

Bland-Altman analysis, there were no significant systematic errors present; however, there 

was a significant inversely proportional error across all joints (Figure 2). As the gold 

standard measurement increased, the IMU underestimated the magnitude of the joint angle. 

The associations (r2) of the proportional errors are below 0.2 except for the shoulder 

(r2=0.55).

Discussion

The purpose of this study was to determine the accuracy of a commercially available IMU 

system in measuring shoulder elevation and sagittal plane motion of the elbow, neck, and 

trunk relative to a standard lab-based marker-based motion capture system. Average IMU 

accuracy of the neck and trunk flexion/extension angles was within 3 degrees of the gold 

standard. Accuracy of IMU shoulder elevation was within 7 degrees of the gold standard and 

the elbow flexion measurement was within 9 degrees. Comparing the absolute range of 

motion measured by the two systems showed excellent range agreement for the neck, trunk, 

and elbow flexion/extension measures.
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Previous studies that have tested the accuracy of the IMU system utilized in the present 

study reported RMSE errors up to 6.6 degrees for the trunk and up to 12.1 degrees for 

shoulder elevation over a multi-hour collection period14, 37. Our findings from short 

dynamic activity collections (<5 minutes) concur with the previous report and confirm that a 

range of accuracies can be expected across joints and data collection protocols. We noted 

differences up to 6 degrees in measuring the maximum angle and up to 5 degrees in the 

minimum angle. The differences in maximum and minimum values across joints are likely 

due to the specific IMU alignment on the segment. Aligning the IMU sensor with the 

anatomical reference of the segment is essential for achieving the best level of accuracy 

when the protocol does not utilize functional axes to transform the IMU axis to anatomical 

relevant axes17. To mimic the protocol utilized in the field based collections, functional axis 

setup was not implemented in the present study. Larger errors observed in the elbow would 

benefit from a functional motion axis setup. The forearm is a particularly challenging 

segment to properly place an IMU sensor due to the pronation/supination motion that can 

rotate the flexion/extension axis of the IMU such that it no longer aligns with the anatomical 

elbow flexion/extension axis. Larger errors in the forearm are likely due to placement and 

rotation challenges and likely not due to a sensor hardware or data fusion flaw.

Based on the Bland-Altman analyses, the IMU underestimates the gold standard at large 

joint angles and overestimates the joint angle at small angles. The largest error was observed 

in the shoulder elevation angle data. The correlations based on ICCs showed good to 

excellent agreement.

Interpreting kinematic outcomes in light of known system accuracy is essential to determine 

meaningful differences. For example, the IMU shoulder elevation accuracy was within 7 

degrees, so this will require differences between groups or test-retest data sets utilizing the 

current protocol to be greater than 7 degrees to be a meaningful difference even if it reaches 

statistical significance. As 7 degrees of potential error may not be sufficient for some study 

questions, it is important to note that studies requiring high levels of kinematic accuracy will 

need to test additional protocols and may have to consider alternate measurement systems.

The limitations in this study include the small sample size and short collection time-frame. 

Additionally, as suggested earlier, improved results could have been achieved with 

additional post-processing; however, these results are typical and generalizable to an IMU 

collection protocol that would be utilized outside the laboratory setting. The validation 

comparison was performed against a standard lab-based motion capture system, which is 

also subject to errors. The measured resolution of the lab-based motion capture system is 

within 1 mm and 1° using a standard motion system accuracy device, and to within 3° of 

angular accuracy for human kinematics38.

In conclusion, this study reports acceptable accuracy of a commercially available IMU 

system for measuring upper body kinematics compared to a standard lab-based motion 

capture system. The results of this study are protocol specific as is the case in any accuracy 

study. Different sensor placement and different analysis methods will result in disparate 

outcomes. IMU kinematic data should be interpreted with the inversely proportional error in 
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mind. IMU measurements are overestimated at small joint angles and underestimated at 

large joint angles.
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Figure 1. 
Experimental setup. Participant is shown wearing reflective markers from the gold standard 

motion capture system and the IMUs are attached to the body with black Velcro straps. The 

peg transfer task is visible on the computer screen in front of the participant.
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Figure 2. 
Bland-Altman plots demonstrating the difference for joint angles when using IMU derived 

kinematics and standard lab-based motion capture system for (a) neck flexion/extension, (b) 

trunk flexion/extension, (c) shoulder elevation, and (d) elbow flexion. The dashed line 

represents the mean, while the solid lines represent the 95% limits of agreement (± 1.96 

SD). ICC(A,1) values and linear regression equations are also presented.
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Table 1

Coordinate System Definitions

Segment Markers Coordinate System Origin Coordinate System Sign Convention

Head Anterior
Left
Right

Geometric center between left and right

Anterior (+X), posterior (−X)
Medial (+Z), lateral (−Z)
Superior (+Y), inferior (−Y)

Trunk Sternum
Xiphoid
C7
T10

Geometric Centerbetween Xiphoid and T10

Upper Arm Acromion process
Medial epicondyle
Lateral epicondyle

Shoulder center defined by regression equation5.

Forearm Medial epicondyle
Lateral epicondyle
Radial styloid
Ulnar styloid

Geometric center between epicondyle markers
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