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Abstract

The performance of an inertial measurement unit (IMU) system for directly measuring 

thoracolumbar trunk motion was compared to that of the Lumbar Motion Monitor (LMM). 

Thirty-six male participants completed a simulated material handling task with both systems 

deployed simultaneously. Estimates of thoracolumbar trunk motion obtained with the IMU 

system were processed using five common methods for estimating trunk motion characteristics. 

Results of measurements obtained from IMUs secured to the sternum and pelvis had smaller 

root-mean-square differences and mean bias estimates in comparison to results obtained with the 

LMM than results of measurements obtained solely from a sternum mounted IMU. Fusion of 

IMU accelerometer measurements with IMU gyroscope and/or magnetometer measurements was 

observed to increase comparability to the LMM. Results suggest investigators should consider 

computing thoracolumbar trunk motion as a function of estimates from multiple IMUs using 

fusion algorithms rather than using a single accelerometer secured to the sternum in field-based 

studies.
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1. Introduction

Low back pain (LBP) is a common work-related musculoskeletal disorder (MSD) with an 

estimated 1-month prevalence of 23.2% and lifetime prevalence ranging as high as 84% 

(Hoy et al., 2012; Walker, 2000). Occupational exposure to non-neutral trunk postures and 

manual material handling (MMH) activities may be associated with LBP (Coenen et al., 

2013; da Costa and Vieira, 2010; Manchikanti, 2000; Hoogendoorn et al., 2000; Vieira 

and Kumar, 2004; van Oostrom et al., 2012). Evidence of these associations, however, is 

inconsistent (Roffey et al., 2010; Wai et al., 2010a, 2010b). In part, characterization of 

associations between non-neutral trunk postures and LBP has been limited by use of easily 

administered but imprecise and potentially biased self-report or observation-based exposure 

assessment methods (Burdorf and van der Beek, 1999; David, 2005; Li and Buckle, 1999; 

Vieira and Kumar, 2004).
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Common approaches for directly measuring thoracolumbar trunk motion in a field setting 

include electrogoniometry and body mounted electromechanical sensors. The Lumbar 

Motion Monitor (LMM) is a field-capable, triaxial electrogoniometer used to directly 

measure kinematics of the thoracolumbar spine (Marras et al., 1992, 1995; Gill and 

Callaghan, 1996). The LMM is secured to the trunk of a worker using chest and pelvic 

harnesses and measures thoracolumbar angular displacement of the trunk relative to the 

pelvis in the three primary motion planes. With software, numerical differentiation of 

the angular displacement measurements is then used to obtain estimates of trunk angular 

velocities and angular accelerations in the three motion planes. Although the LMM has 

been used in numerous studies (e.g., Ferguson et al., 2002; Gallagher et al., 2002; Marras 

et al., 2004; Marras et al., 1999), its bulky size and limited range (i.e., through direct 

cable connection to a computer or through telemetry) make it impractical for prolonged 

field-based exposure assessments recommended to obtain stable and representative estimates 

of trunk motion during non-routinized work activities (e.g., construction and agriculture) 

(Trask et al., 2007).

Accelerometers (or inclinometers) have been used frequently in field-based research to 

obtain direct measurements of trunk motion over extended time periods (e.g., Fethke et al., 

2011; Koehoorn, 2010; Paquet et al., 2001; Teschke et al., 2009; Van Driel et al. 2013; 

Wong et al., 2009). Trunk motion estimates have been reported using a variety of sensor 

configurations (e.g., dual axis or triaxial) and sensor placement strategies (e.g., one sensor 

placed on the anterior torso as in Fethke et al. [2011] vs. one sensor on the posterior 

torso as in Wong et al. [2009] vs. one sensor on the anterior torso combined with one 

sensor on the posterior pelvis as in Koehoorn [2010]). Axial rotations about the transverse 

plane, however, cannot be assessed through the use of an accelerometer alone, and the 

accuracy of accelerometer-based estimates in the flexion/extension (sagittal) and lateral 

bending (coronal) planes depends on the characteristics of the motion (static, quasi-static, or 

complex dynamic) (Amasay et al., 2009; Brodie et al., 2008; Godwin et al., 2009; Hansson 

et al., 2001).

Inertial measurement units (IMUs) have recently emerged as a potential alternative to 

accelerometers for measurement of human trunk motion in occupational settings. An IMU 

is a small and portable device that permits estimation of the spatial orientation of an 

object by combining the outputs of multiple electromechanical sensors (accelerometers, 

gyroscopes, and/or magnetometers) through recursive sensor fusion algorithms such as a 

Kalman filter or complementary weighting algorithm (Bachmann et al., 2000; Gallagher 

et al., 2004; Higgins, 1975; Kalman, 1960; Luinge and Veltink, 2005; Sabatini, 2006; 

Wagenaar et al., 2011; Yun and Bachmann, 2006). Theoretically, using sensor fusion 

algorithms for motion measurement can help overcome the limitations of each individual 

sensor component. For example, gyroscope measurements can be used to compensate for 

limitations of the accelerometer to more accurately measure motion in the flexion/extension 

and lateral bending planes under dynamic conditions, and magnetometers can provide 

orientation information necessary to make estimates of trunk motion in the axial rotation 

plane. Raw data streams from the individual sensor components may also be extracted for 

singular analysis.
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Despite their unique capabilities and promise, few studies have used IMUs to directly 

measure thoracolumbar trunk motion in the field. One potential explanation for their limited 

use may be a lack of comparison to more widely known methods such as accelerometers 

or electrogoniometer systems such as the LMM. While many studies have examined the 

accuracy of IMU systems in comparison to optoelectric motion capture systems (Cuesta-

Vargas et al., 2010) and/or have evaluated corrective factors for accelerometers (e.g., Van 

Driel et al., 2013), the potential benefit of using IMUs to estimate thoracolumbar motion 

in comparison to other field-capable systems remains unclear. For example, estimates 

of trunk motion can be made using information obtained from an IMU’s accelerometer 

alone, from an IMU’s accelerometer and gyroscope, or from the full complement of IMU 

sensors (i.e., accelerometers, gyroscopes, and magnetometers). Exploration of the different 

sensor configurations and processing methods possible with an IMU system will provide 

information about the potential advantages of IMU use in comparison to simpler options.

The objectives of this study were, therefore, to (i) compare estimates of thoracolumbar trunk 

motion obtained with a commercially available IMU system with estimates of thoracolumbar 

trunk motion obtained with a field-capable reference system, the LMM, and to (ii) explore 

the effect of alternative sensor configurations and processing methods on the agreement 

between LMM and IMU-based estimates of trunk motion during a simulated MMH task 

with both systems deployed simultaneously.

2. Methods

2.1. Participants

A convenience sample of 36 healthy, male participants (mean age = 24.9 years, SD= 4.5) 

was recruited from the University of Iowa community. Potential participants were excluded 

for any self-reported 1) physician-diagnosed MSDs of the back in the past six or fewer 

months, 2) orthopedic surgery of the back, 3) back pain in the past two weeks, or 4) chronic 

neurodegenerative disease (e.g., Parkinson’s disease). All study procedures were approved 

by the University of Iowa Institutional Review Board and written informed consent was 

obtained prior to participation.

2.2. Experimental Design

Participants completed a simulated MMH task in a laboratory setting. The MMH task 

required participants to manually move 4.5 kg plastic crates (42 × 35 × 27 cm) from a 

waist-high material feeder (Point A in Figure 1, as depicted from above) to one of six 

potential unloading areas (Point B in Figure 1). Two handholds were molded into each crate 

and used by workers for manual grasping. The six potential unloading areas varied across 

two factors: the unloading height (adjusted to each participant to be approximately waist 

height or knee height) and the total magnitude of axial rotation (twisting) needed to move 

a crate from the material feeder to the unloading area (90°, 135°, or 180°). The pace of 

the task was set to either 6 lifts/min or 3 lifts/min. Block randomization was used to assign 

each participant to one of the 12 task conditions (2 unloading heights × 3 axial rotation 

magnitudes × 2 work paces; 3 participants per condition). The modest crate weight and work 

pace levels were selected to ensure that the recommended weight limit of the NIOSH Lifting 
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Equation was not exceeded when considering all combinations of the unloading height, 

amount of axial rotation, and work pace parameters (Waters et al., 1993).

2.3. Instrumentation and Data Processing

Angular displacements of the thoracolumbar region of the trunk in the flexion/extension, 

lateral bending, and axial rotation planes were estimated using two commercially-available 

instrumentation systems: the ACUPATH™ Industrial Lumbar Motion Monitor™ (Biomec 

Inc., Cleveland, OH) and the I2M Motion Tracking System (series SXT IMUs, Nexgen 

Ergonomics, Inc., Pointe Claire, Quebec). For each participant, one IMU sensor was 

secured to the anterior torso at the sternal notch and a second IMU sensor was secured 

to the posterior pelvis at the L5/S1 vertebrae. Standard procedures were used to outfit 

participants with the LMM as in previous studies (e.g., Marras et al., 1995). The LMM was 

calibrated prior to fitting by using procedures described in the LMM manual. Data streams 

obtained from the LMM included angular displacement (in degrees) of the trunk in the 

flexion/extension, lateral bending, and axial rotation planes. The LMM was connected to a 

computer using a communications cable and the data streams were sampled at 60 Hz using 

manufacturer-supplied software (Ballet 2.01, Biomec Inc., Cleveland, OH).

The small size of the IMU sensors (48.5 × 36 × 12 mm) allowed them to be worn 

simultaneously with the LMM. The IMU sensors were calibrated after the LMM was fit 

using an ‘I-pose’ calibration posture in which each participant stood in a neutral trunk 

position with hands relaxed to the sides and the feet hip-width apart as if forming an ‘I’. 

Calibration quality was visually inspected before beginning the MMH task. Data streams 

obtained from each IMU sensor included acceleration (triaxial, +/− 6 g), angular velocity 

(triaxial, +/− 2000° s−1), magnetic field strength (triaxial, +/− 6 Gauss), and local sensor 

spatial orientation in the form of quaternions derived from a manufacturer-provided Kalman 

filter. The IMU data streams were sampled wirelessly at 128 Hz using manufacturer-

supplied software (HM Analyzer, Nexgen Ergonomics, Pointe Claire, Quebec). An event 

mark was used during data collection to facilitate synchronization of the LMM and 

IMU data during post-processing. A custom LabVIEW program (version 2012, National 

Instruments, Austin TX) down sampled the IMU estimates of trunk motion from 128 Hz to 

60 Hz using linear interpolation and exported the data for later analysis.

Five IMU processing methods were used to obtain estimates of thoracolumbar angular 

displacement in the flexion/extension and lateral bending motion planes. The five methods 

were: (i) a low passed (zero-phase, 2nd order Butterworth; 3 Hz cutoff frequency) 

accelerometer-based estimate from the IMU secured to the sternum only (Accel-1); (ii) 

a complementary weighting algorithm-based estimate incorporating accelerometer and 

gyroscope measurements from the IMU secured to the sternum only (Comp-1); (iii) a 

low passed (zero-phase, 2nd order Butterworth; 3 Hz cutoff frequency) accelerometer-based 

estimate calculated as the difference of the estimates provided from the IMUs secured to the 

sternum and L5/S1 body segments (Accel-2); (iv) a complementary weighting algorithm-

based estimate calculated as the difference of complementary-based estimates from the 

IMUs secured to the sternum and L5/S1 body segments (Comp-2); and (v) a manufacturer 

provided Kalman-based estimate which incorporated raw acceleration, angular velocity, 
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and magnetic field strength information from the IMUs located on the sternum and L5/S1 

body segments (HM Analyzer). The manufacturer provided Kalman-based estimate (HM 

Analyzer) was also used to provide estimates of angular displacement in the axial rotation 

motion plane.

Accelerometer-based angular displacement estimates reflected accelerometer inclination 

angle with respect to the gravity vector and were calculated as the arctangent of the 

acceleration reading pointing away from the sternum (i.e., the z-axis of the SXT IMU) 

and the acceleration reading corresponding to the gravity vector (i.e., the x-axis of the 

SXT IMU and not the norm of gravity). For example, the accelerometer-based inclination 

angle estimates from the IMU secured to the sternum only (Accel-1) were calculated as 

tan−1(Az/Ax). Accelerometer-based angular displacement estimates were calculated in this 

manner so that they could be paired with gyroscope measurements in the corresponding axis 

of rotation.

The custom complementary weighting algorithm was developed in MATLAB (r2013b, 

The MathWorks, Inc., Natick, MA) and used the raw data streams of acceleration and 

angular velocity to estimate the trunk motion angles from the orientation of the IMU’s 

accelerometer with respect to the gravitational vector and angular velocity information from 

the IMU’s gyroscope. The complementary weighting algorithm adjusted the accelerometer-

based inclination angle estimate at each sample using angular velocity information from the 

IMU’s gyroscope according to Equation (1):

θn = 1 − K θn − 1 + ωn × dt + K αn (Equation 1)

where θn is the complementary inclination angle estimate at the current sample, θn−1 is the 

complementary inclination angle estimate at the previous sample, ωn is the angular velocity 

at the current sample, αn is the inclination angle at the current sample based solely on the 

orientation of the accelerometer with respect to gravity, and dt is the time between samples. 

The relative influence of the angular velocity and the accelerometer-based inclination angle 

at each sample on the resulting complementary inclination angle estimate was set using the 

algorithm’s weighting coefficient (K). While we are aware of no widely accepted guidelines 

for selecting the weighting coefficient, a value of 0.01 was determined to provide a sufficient 

acceleration reference to compensate for the drift that occurs when a raw gyroscope signal is 

integrated (Luinge and Veltnik, 2005), and has been used in a previous study (Schall et al., 

2014).

The complementary weighting algorithm had a time constant of 0.77 sec, based on the 

weighting coefficient, the sampling rate (128 Hz), and the IMU gyroscope drift rate 

(approximately 1° s−1). The inclination angle (αn) was low pass filtered (zero-phase, 2nd 

order Butterworth; 3 Hz cutoff frequency) and the angular velocity (ωn) signals were 

high pass filtered (zero-phase, 2nd order Butterworth; 0.5 Hz cutoff frequency) prior to 

computation of complementary inclination angle estimates.
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2.4. Experimental Procedure

A custom LabVIEW program was used to control the simulated MMH task. Specifically, 

the program produced an auditory tone at the assigned work pace to signal the participant 

when to move each crate. Data collection began with the participant standing in a neutral 

upright stance and the arms hanging relaxed and the feet hip-width apart. At each auditory 

tone, the participant would, (i) rotate left to the material feeder location and grasp the 

crate’s handles using two hands, (ii) rotate right and set the crate on the assigned unloading 

location, and then (iii) return to the neutral standing position to wait for the next auditory 

tone. Participants were instructed to keep their feet stationary while performing the lifts and 

to use the crate handholds. The material feeder and unloading locations were set close to 

the body (within arm’s reach) for all participants. No other instructions were given. The task 

was performed for 10 minutes, resulting in 30 or 60 lifting cycles, depending on the assigned 

work pace.

2.5. Statistical Analysis

Using the angular displacement waveform obtained from the LMM for each participant, a 

custom MATLAB program was used to identify the peak (maximum) point of flexion for the 

flexion/extension plane, lateral bending to the right for the lateral bending plane, or axially 

rotating to the left for the axial rotation plane of each lifting cycle and the corresponding 

four seconds before and after each peak. This eight second window encompassed all phases 

of each lift cycle for all participants (e.g., start of lift, peak flexion, and end of lift). The 

arithmetic mean of each respective sample estimate from the 30 or 60 cycles comprising 

the entire 10 minute MMH task was then calculated to form an ensemble average of a 

lifting cycle lasting eight seconds in duration (ensemble averages were generated for each 

participant separately).

Ensembles averages of the angular displacement waveforms were differentiated to obtain 

an ensemble average waveform estimate of velocity. The velocity waveform was rectified 

to represent the absolute value of velocity (indicating either increasing or decreasing 

speed). The rectified ensemble average waveform of velocity was differentiated to obtain 

an ensemble average waveform of acceleration (Marras et al., 1995). The minimum, 

maximum, mean, 10th percentile, 90th percentile, and 99th percentile were then calculated 

for each ensemble average waveform. In addition, we calculated a sample-to-sample root-

mean-square difference (RMSD) of the ensemble average waveforms obtained with each 

IMU processing method in comparison to the ensemble average waveforms obtained with 

the LMM. The RMSD for each participant was calculated using Equation (2), where θ is the 

estimate from an IMU processing method, θ′ is the estimate from the LMM, n is the number 

of samples included in the ensemble waveform, and i is the specific sample of interest.

RMSD= ∑i = 1
n θi − θi′ 2/n (Equation 2)

Pearson correlation analyses were used to quantify the strength of the linear relationships 

between the estimates of mean angular displacement and angular displacement variation 

(defined as the difference between the estimates of the 90th and 10th percentile) from the 

Schall et al. Page 6

Appl Ergon. Author manuscript; available in PMC 2022 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LMM and each measurement method in the flexion/extension, lateral bending, and axial 

rotation motion planes. Bland and Altman (1986, 1995, 1999, 2010) bias calculations and 

95% “limits of agreement” (LoA) were used to assess agreement between estimates of mean 

angular displacement for the flexion/extension, lateral bending, and axial rotation motion 

planes obtained with the LMM and each applicable IMU measurement method.

3. Results

The LMM and each of the IMU measurement methods produced waveforms of trunk 

angular displacement with similar characteristics (Figure 2). In general and consistent with 

our expectations, estimates of mean angular displacement in the flexion/extension motion 

plane were lower for participants assigned to the waist high unloading areas in comparison 

to participants assigned to the knee high unloading areas. Moreover, the greatest estimates 

of mean angular displacement in the flexion/extension motion plane were observed for 

participants assigned to the knee high unloading areas and the faster work pace.

Distributions of summary measures of trunk angular displacement, velocity, acceleration, 

and estimates of the RMSD between the LMM and the IMU measurement methods for the 

flexion/extension, lateral bending, and axial rotation motion planes are provided in Tables 

1, 2, and 3, respectively. RMSD estimates were similar across methods obtained using 

only the IMU secured to the sternum and across methods obtained using both the IMUs 

secured to the sternum and L5/S1 body segment. In general, the methods that used the IMUs 

secured to the sternum and L5/S1 body segment were observed to be more comparable 

to the LMM than methods obtained with IMUs secured to the sternum only. Summary 

measure estimates such as the mean, 10th percentile, 90th percentile, and 99th percentile 

angular displacement were the most comparable with the LMM for the complementary 

weighting algorithm-based method that calculated the estimate of thoracolumbar angular 

displacement as the difference of complementary-based estimates provided from the IMUs 

secured to the sternum and L5/S1 body segments (Comp-2). Similarly, estimates of mean, 

10th percentile, 90th percentile, and 99th percentile velocity and acceleration obtained 

with the complementary weighting algorithm-based method that calculated the estimate 

of thoracolumbar angular displacement as the difference of complementary-based estimates 

provided from the IMUs secured to the sternum and L5/S1 body segments (Comp-2) were 

the most comparable to the LMM.

Pearson correlation coefficients and Bland and Altman evaluations used to assess agreement 

between the estimates of mean angular displacement and angular displacement variation 

between the LMM and each measurement method in the flexion/extension and lateral 

bending motion planes further suggest that the complementary-based estimates provided 

from the IMUs secured to the sternum and L5/S1 body segments (Comp-2) generally had 

the greatest agreement with LMM measures than the other measurement methods (Table 

4). Overall, stronger correlation coefficients were observed for estimates of mean angular 

displacement in the flexion/extension plane than estimates of mean angular displacement in 

the lateral bending plane.
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4. Discussion

Relatively small mean angular displacement RMSD estimates in the flexion/extension, 

lateral bending, and axial rotation motion planes were observed between the IMU system 

and the LMM. Strong correlation coefficients in the flexion/extension plane and small 

Bland and Altman bias estimates in the flexion/extension, lateral bending, and axial rotation 

planes were observed across a range of experimental conditions that included a variety 

of movements and work speeds. Although not directly comparable, RMSD estimates 

from this study were reasonably similar to those reported in studies comparing trunk 

motion measurements obtained with IMU-based instrumentation systems and other novel 

monitoring devices (e.g., anthropometry-corrected accelerometers) to optoelectric motion 

capture systems (Goodvin et al., 2006; Kim and Nussbaum, 2013; O’Sullivan et al., 2012; 

Plamondon et al., 2007; Van Driel et al., 2013; Wong and Wong, 2008). Overall, the results 

suggest the IMU system examined in this study may serve as a comparable alternative to 

other existing instruments for directly measuring thoracolumbar trunk motion in field-based 

studies.

Errors in thoracolumbar trunk motion measures obtained during field-based assessments 

may vary based on the applications of interest (e.g., different work activities), characteristics 

of the individual direct measurement technology components (e.g., noise parameters of 

sensors), and methods used to estimate and/or summarize motion. One possible limitation 

of one sensor accelerometer or IMU methods is that trunk inclination with respect to 

gravity may not fully capture relevant trunk motion information. While some research has 

been conducted investigating the accuracy of two accelerometer systems (mounted over the 

sternum and sacrum) to assess trunk flexion (Koehoorn, 2010; Van Driel et al., 2009), it is 

unclear if methods using two accelerometer or IMU sensors may be a more appropriate for 

estimating “risk” of adverse health outcomes in comparison to trunk motion estimates from 

one sensor.

In this study, processing methods that computed thoracolumbar trunk motion as a function 

of measurements obtained from IMUs secured to both the sternum and L5/S1 body segments 

were more comparable to the LMM than processing methods that computed thoracolumbar 

trunk motion as a function of measurements obtained solely from the sternum mounted 

IMU. For example, the mean 90th percentile angular displacement value estimated by the 

complementary weighting algorithm-based method (Comp-1) was nearly 15° greater than 

the estimate obtained with the LMM in the flexion/extension motion plane whereas the two 

sensor complementary weighting algorithm-based method (Comp-2) was within about 3° of 

the LMM. When considering that the 90th percentile of angular displacement in the flexion/

extension plane is commonly used as an estimate of the ‘peak’ amount of trunk flexion 

in field studies aimed at estimating exposure to non-neutral working postures associated 

with musculoskeletal outcomes (e.g., Fethke et al., 2011; Kazmierczak et al., 2005), the 

results of this study suggest investigators should strongly consider computing thoracolumbar 

trunk motion as a function of estimates from multiple IMUs rather than using a single 

accelerometer secured to the sternum. However, future research examining the association 

between exposures to non-neutral working postures as measured with both one and two 

sensor methods and adverse health effects such a MSDs is necessary.
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Another main finding of this study was that summary measures estimated with fusion 

algorithms such as the complementary weighting algorithm that combined gyroscope 

measurements with accelerometer measurements obtained from the IMUs agreed more 

strongly with summary measure estimates from the LMM than summary measures based 

solely on measurements from accelerometers. For example, the mean 90th percentile 

estimates from the two IMU complementary weighting algorithm-based method (Comp-2) 

consistently agreed more strongly with the LMM than the two accelerometer method 

(Accel-2) for angular displacement, velocity, and acceleration in both the flexion/extension 

and lateral bending motion planes. The implication of this result is that use of IMU 

sensors and fusion algorithms may be an effective method for increasing the accuracy 

of accelerometer-based motion measurements that are known to be negatively affected by 

dynamic work processes (Amasay et al., 2009; Brodie et al., 2008; Godwin et al., 2009; 

Hansson et al., 2001).

Several limitations of this study should be acknowledged. First, although widely used in 

field studies, the LMM is not considered the “gold-standard” of trunk motion measurement. 

However, the objective of this study was not to compare IMU estimates of thoracolumbar 

trunk motion to a “gold-standard” system (i.e., optical motion capture). Rather, we 

compared two systems used in field-based studies where the IMU is less intrusive than 

the LMM. Mean angular displacement RMSD estimates may, therefore, be reduced or 

increased in comparison to an optical motion capture system. Regardless, the conclusions 

regarding the use of two sensor IMU systems versus one sensor systems and the utility of the 

fusion algorithms hold. Strengths of this study include data collection across of a range of 

experimental conditions which allowed comparison of the IMU methods to the LMM across 

a variety of MMH task conditions. Additionally, the large number of participants (N=36) in 

comparison to previous, similar studies enhances generalizability and statistical stability.

The manufacturer provided Kalman-based estimate (HM Analyzer) was the only processing 

method that used the magnetometer measurements obtained with the IMUs in this study, and 

was therefore the only measurement method used to provide estimates of axial rotation 

(see Table 3). Performance of the HM Analyzer method may have been affected by 

ferromagnetic disturbances in the laboratory environment or as a result of the proximity 

of the IMUs to the LMM during the experimental procedures. However, we visually 

inspected the calibration quality of the Kalman-based estimate after fitting both sensor 

systems and monitored signal quality during the MMH task using the HM Analyzer software 

and observed no evidence that such disturbances transpired. Thus, substantial performance 

degradation was not believed to have occurred.

While correlation coefficients assessing the linear relationship between the LMM and all of 

the IMU methods for mean angular displacement and angular displacement variation in the 

flexion/extension motion plane were strong, correlation coefficients in the lateral bending 

and axial rotation motion planes were generally weak to only moderately strong. The 

relatively poor performance of the IMU methods in the lateral bending and axial rotation 

motion planes are likely the result of a lack of variation between participants in the amount 

of lateral bending and axial rotation required by the MMH task. Much of the axial rotation 
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movement completed by participants to reach the box may be explained by reaching of the 

arms and rotation of the pelvis and trunk together.

5. Conclusions

The IMU system evaluated in this study produced estimates of trunk angular displacement 

that agreed reasonably well with analogous estimates from the LMM and thus is a promising 

alternative to the LMM for field-based studies. Several features of the IMU system, such as 

small size, wireless sensors, and data logging capability, are attractive from the perspective 

of obtaining high quality measurements of trunk motion in field settings. Measurements 

obtained from IMUs secured to the sternum and pelvis had smaller root-mean-square 

differences and mean bias estimates in comparison to results obtained with the LMM than 

results of measurements obtained solely from a sternum mounted IMU. Additionally, fusion 

of IMU accelerometer measurements with IMU gyroscope measurements was observed 

to increase comparability to the LMM. Investigators should strongly consider computing 

thoracolumbar trunk motion as a function of estimates from multiple IMUs using fusion 

algorithms rather than using a single accelerometer secured to the sternum in field-based 

studies. Further exploration of fusion algorithms may improve the accuracy of IMU 

measurements for more complex joints such as the shoulder and/or wrist and documented 

field use of the IMU system under dynamic working conditions are needed.
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Highlights

• Inertial measurement unit estimates agreed with Lumbar Motion Monitor 

estimates

• Use of two inertial measurement units increased comparability

• Fusion of accelerometer and gyroscope measurements increased 

comparability

Schall et al. Page 14

Appl Ergon. Author manuscript; available in PMC 2022 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Simulated manual material handling task positions.
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Figure 2. 
Ensemble averages of the angular displacement waveforms for the LMM and the five IMU 

measurement methods in the flexion/extension motion plane for one participant.
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Table 3.

Mean (SD) of trunk motion estimates in the axial rotation plane by (applicable) measurement method for 

ensemble averages.*

Summary measure LMM HM Analyzer

Angular Displacement

 Maximum to the Left (°) −13.0 (6.3) −22.6 (8.1)

 Mean (°) −1.5 (1.1) −1.3 (2.5)

 Maximum to the Right (°) 3.5 (5.2) 11.8 (10.3)

 10th Percentile (°) −10.9 (5.5) −16.3 (6.6)

 90th Percentile (°) 3.2 (4.9) 10.1 (9.0)

 99th Percentile (°) 3.4 (5.2) 11.8 (10.2)

 Sample-to-Sample RMSD (°) -- Ref -- 6.2 (2.6)

Absolute Value of Velocity

 Mean (°/sec) 4.2 (2.6) 8.8 (3.8)

 Maximum (°/sec) 29.8 (18.0) 38.1 (15.8)

 10th Percentile (°/sec) 0.0 (0.0) 0.1 (0.1)

 90th Percentile (°/sec) 0.8 (0.7) 3.9 (3.1)

 99th Percentile (°/sec) 29.8 (17.9) 37.9 (15.9)

 Sample-to-Sample RMSD (°/sec) -- Ref -- 9.7 (4.0)

Acceleration

 Maximum Deceleration (°/sec2) −83.0 (49.2) −156.3 (98.3)

 Maximum Acceleration (°/sec2) 164.8 (109.4) 158.4 (72.9)

 10th Percentile (°/sec2) −27.5 (15.8) −45.2 (16.8)

 90th Percentile (°/sec2) 20.2 (16.3) 46.7 (18.3)

 99th Percentile (°/sec2) 141.8 (95.9) 113.7 (47.8)

 Sample-to-Sample RMSD (°/sec2) -- Ref -- 45.4 (19.4)

*
Column headers are defined in text and Table 1.
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Table 4.

Pearson correlation coefficients (r)
a
 of mean angular displacement and angular displacement variation (90th 

– 10th percentile) and Bland Altman bias and limits of agreement of mean angular displacement for the 

flexion/extension, lateral bending, and axial rotation motion planes.*

Summary Measure Accel-1 Comp-1 Accel-2 Comp-2 HM Analyzer

Flexion/Extension

 Mean Angular Displacement (r) 0.87 0.87 0.84 0.83 0.80

 90th – 10th Percentile (r) 0.87 0.86 0.87 0.85 0.82

 Mean Bias (°) 3.91 3.99 1.82 1.23 1.60

 Lower Limit of Agreement (°) −3.40 −3.27 −4.50 −4.72 −5.37

 Upper Limit of Agreement (°) 11.22 11.26 8.14 7.17 8.56

 Upper – Lower (°) 14.62 14.53 12.64 11.89 13.93

Lateral bending

 Mean Angular Displacement (r)
0.23

b
0.08

c 0.37 0.38 0.42

 90th – 10th Percentile (r) 0.60
0.12

d 0.85 0.78 0.35

 Mean Bias (°) −0.42 −0.52 −0.41 −0.42 −0.53

 Lower Limit of Agreement (°) −2.56 −3.19 −2.44 −2.27 −4.39

 Upper Limit of Agreement (°) 1.72 2.16 1.61 1.44 3.33

 Upper – Lower (°) 4.28 5.35 4.05 3.71 7.72

Axial Rotation

 Mean Angular Displacement (r) --- --- --- ---
0.15

e

 90th – 10th Percentile (r) --- --- --- --- 0.73

 Mean Bias (°) --- --- --- --- 0.18

 Lower Limit of Agreement (°) --- --- --- --- −4.95

 Upper Limit of Agreement (°) --- --- --- --- 5.31

 Upper – Lower (°) --- --- --- --- 10.26

*
Column headers are defined in text and Table 1.

a
All Pearson correlation coefficients (r) were statistically significant (p<0.05) unless otherwise noted.

b
p = 0.18;

c
p = 0.67;

d
p = 0.48;

e
p = 0.38
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