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ABSTRACT 

A large portion of occupational low back disorders (OLBDs) are due to industrial lifting 

activities. Prior research has clearly demonstrated the association between the external loadings 

and the risk of OLBD. Low back moments generated internally to counteract external loadings 

are believed to be the most significant risk factor for OLBD. The increase of both load weight 

and the horizontal distance between the load and the body (moment arm) increase the external 

loadings. To accurately assess the risk of OLBD, practitioners need to accurately estimate the 

external moment using an accurate measurement of the moment arm. 

The first study assessed the accuracy of manual moment arm measurements during 

various lifting conditions as compared to a motion capturing system measurements. The second 

study examined the accuracy of a video-based analysis software (VAS) in measuring the 

moment arm distance as compared to a motion capturing system. The third study examined the 

effect of different camera vertical heights on the accuracy of the measured moment arms.   

Manual moment arm measurements resulted in an average absolute error (AAE) of 

6.21cm for lift origin moment arms.  VAS moment arm measurements obtained from video 

recordings via 90° webcam showed a lower AAE (4.25 cm) as compared to measurement errors 

from 30° and 60° webcams (17.29 cm and 6.07 cm, respectively). The lower webcam height 

provided measurements with a smaller error (AAE = 3.90 cm) as compared to measurements 

from the upper webcam (AAE = 11.84 cm).  

Manual moment arm measurements encountered greater errors as compared to VAS 

measurements using 90° webcam. This error could further increase when assessing lifting jobs 

in the field, where practitioners may not get the chance to manually measure the moment arm 

from a close distance. Videos recorded from webcams with a line of sight almost perpendicular 

to the lifter’s forearm during lifting resulted in more accurate measurements via the VAS 

approach. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Occupational low back disorders (OLBDs) such as lumbar degenerative disc, herniated 

disc, muscle strain, and ligament sprain, among others, have been a costly issue due to the 

impact on workers health, productivity, and absenteeism, among others.  In the United States, 

Dagenais, Caro, and Haldeman (2008) estimated the direct low back disorder (LBD) medical 

costs to be between $12.2 to $90.6 billion annually.  Another study estimated the annual cost 

of total productive time lost due to OLBDs in the US workforce to be about $19.8 billion 

(Stewart, Ricci, Chee, Morganstein, & Lipton, 2003).  Several studies estimated that lifting and 

manual material handling (MMH) jobs account for between 50% and 75% of overall back 

injuries (Bigos et al., 1986; Snook, 1989; Spengler et al., 1986). 

In MMH jobs, several factors increase the risk of LBD by increasing the external low 

back moments. These factors include the distance between the load and the body, load weight, 

load size (i.e., dimensions), and torso asymmetry.  Low back moment arm is the horizontal 

distance between the load and approximate location of L5/S1 intervertebral disc in the worker’s 

body.  The farther the load position from the body, the longer the low back moment arm.  Also, 

the vertical height of the lift affects the low back moment by increasing the moment arm 

distance, where the lower the height of lift origin the more the workers would flex their torso 

and, as a result, the longer the moment arm between the lift origin and the workers’ L5/S1 disc.  

Plamondon, Larivière, Delisle, Denis, and Gagnon (2012) supported that the lower the lifting 

height, the greater the sagittal flexion angles, resulting in an additional gravitational moment 

due to the mass of the upper body as well as the increased moment arm between the L5/S1 and 

the load being lifted.   Also, it has been hypothesized that during forward torso flexion, the 

lumbar spine is exposed to extreme compressive loads, which have the potential to accelerate 
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the degenerative discs or cause fracturing of the intervertebral endplates (Cheng et al., 1998; 

Innes & Straker, 1999; Marras, Davis, Ferguson, Lucas, & Gupta, 2001; van Dieën & Kingma, 

1999).  Thus, numerous studies showed the importance of keeping the load closer to the body 

during lifting (Davis, Marras, & Waters, 1998b; Marras, Granata, Davis, Allread, & Jorgensen, 

1999).   

Previous research has observed that the increased size of the load increases the bending 

torque and external moment, for the larger the load depth, the longer the moment arm distance 

about the L5/S1 joint (Dolan, Earley, & Adams, 1994; Freivalds, Chaffin, Garg, & Lee, 1984; 

Marras et al., 1999; Snook & Ciriello, 1991).  Park and Chaffin (1974) demonstrated that the 

load weight, dimensions, and relative position to the body are physical stress factors associated 

with the lifting activity.  One can conclude that the moment arm is assessed with the low back 

loading  in which the further the load from the body, the higher the low back loading. 

Finally, several lifting assessment tools were developed to control the risk factors that 

expose workers to OLBDs in lifting jobs.  Some assessment tools include the revised 1991 

National Institute for Occupational Safety and Health (NIOSH) Lifting Equation; The 

American Conference of Governmental Industrial Hygienists (ACGIH) Threshold Limit 

Values (TLVs) for Lifting; Lifting Fatigue Failure (LiFFT); among others.  Almost all existing 

assessment tools assess external moment factors such as moment arm and the load weight as 

inputs into these assessment methods. 

The external low back moment of each lift can be estimated using the product of 

moment arm distance and load weight (Gallagher, Sesek, Schall, & Huangfu, 2017; Jorgensen, 

Handa, & Veluswamy, 2004; Marras, 1995; Marras et al., 1995; Marras et al., 1993; Potvin, 

Norman, Eckenrath, Mcgill, & Bennett, 1992).  Given the impact of the external low back 

moments upon the risk of low back pain,  it’s critical to accurately measure the horizontal 
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distance between the L5/S1 disc and hand during lifting (i.e., moment arm) to be able to assess 

lifting tasks.   

Several researchers used a tape measure (the traditional method) to determine the 

moment arm distance (Allread, Marras, & Burr, 2000; Davis & Anés, 2014; Davis & Marras, 

2000; Gallagher et al., 2017; Jorgensen et al., 2004; Lavender, Marras, Ferguson, Splittstoesser, 

& Yang, 2012; Marras et al., 1993; Potvin et al., 1992; Waters, Putz-Anderson, Garg, & Fine, 

1993) (see Figure 1.1).  However, Marras et al. (2010) showed that it is difficult to use the tape 

measure to determine the moment arm for lifting jobs with a high variation of lifting conditions 

(e.g., lift height, horizontal distance, and lift speed) as compared to the cyclic lifting tasks with 

limited variation that would enable the rater to easily track the worker’s exertions and manually 

measure the moment arm.  Also, it was shown that using a tape measure to determine the 

moment arm resulted in a mean absolute error of about 11 cm (SD = 5.8 cm) when compared 

with the accuracy of the ultrasound instrumentation used in the moment exposure tracking 

system (METS) (Marras et al., 2010).  Another study examined the average moment arm 

measurements manually measured by eight raters as compared with moment arms measured 

by two experts in the NIOSH Lifting Equation (Dempsey, Burdorf, Fathallah, Sorock, & 

Hashemi, 2001).  The study recruited a participant to perform five different lifting and lowering 

tasks.  Dempsey’s team showed a significant difference between the raters’ moment arm 

measurements and the experts’ measurements at the origin during sagittal lifting/lowering and 

palletizing tasks.  Thus, one can conclude that the tape measure could result in a considerable 

moment arm measurement variability.  A 10 cm measurement error of the horizontal location 

could lead to a maximum error of about 30% in the NIOSH Lifting Equation Recommended 

Weight Limit (RWL) (Waters, Baron, & Kemmlert, 1998).  Consequently,  this error may over 

or underestimate the lifting index (LI) which is calculated for a given lifting task as the weight 
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of the load being lifted divided by the RWL (Waters et al., 1993), and thus, over or 

underestimate the risk associated with the lifting task.    

 
Note: Adapted from Gallagher et al. (2017)  

Figure 1.1 Illustration of correct moment arm measurement 

Other research used a camera-based motion tracking system to measure the moment 

arm (Faber, Kingma, Bakker, & van Dieën, 2009; Ning, Zhou, Dai, & Jaridi, 2014; Plamondon 

et al., 2014).  It was shown that the use of these systems would enable for accurate moment 

arm measurement.  However, the utilized motion tracking systems (e.g., Motion Analysis, 

VICON, and Optotrak) are costly, require long setup time (i.e., for markers placement and 

system calibration), and are often difficult to transfer (i.e., designed for lab settings) to field 

settings.  

1.2 Research void 

There is a need for a moment arm measurement system that is accurate, reliable, easy 

to use, portable, cost-effective, and requires short setup time.  Having such a system would 

enable the practitioners to more efficiently and accurately assess the risk of lifting jobs by 

estimating the loading on the lower back using the product of moment arm and load weight.  A 

few studies have determined the moment arm during lifting using video-based monitoring 

systems (Coenen, Kingma, Boot, Bongers, & van Dieën, 2013; Coenen et al., 2011).  However, 



5 
 

no efforts were made to show the impact of different camera height from the floor or different 

camera line of sight angles with respect to the captured individual on the achieved moment arm 

accuracy.  Different lifting postures also affect the quantified moment arms.  However, no 

study assessed the VAS moment arm measurements where lifting from different heights from 

the floor, different horizontal distances from the midpoint between the individual’s inner 

ankles, or various torso twisting angles away from the sagittal plane.  Finally, to the best of the 

researcher’s knowledge, no study has utilized moment arm measurements obtained from video-

based analysis software (VAS), manual measures (using a tape measure), a gold standard 

reference approaches to assess the impact of measurements variability on the outcomes of 

lifting assessment methods (e.g. NIOSH Lifting Equation and LiFFT).    

1.3 Research Objectives  

The research objectives of this study are as follows:  

1- Utilize video recordings of various lifting activities to estimate the horizontal moment 

arm distance between the load and the user’s hip during lifting using a freely available 

video-based analysis software (VAS).  The following will be evaluated:   

a. The accuracy of the VAS in measuring the moment arm as compared with a 

gold standard motion capturing system. 

b. The reliability of the VAS in measuring the moment arm. 

c. The optimal camera placement that would enable for the most accurate moment 

arm measurement via VAS. 

2- Assess the influence of moment arm measurements obtained from gold standard motion 

capturing system, VAS, and the conventional tape measure method on the assessment 

of the risk of low back injury using the NIOSH Lifting Equation assessment method 

(Waters et al., 1993) and LiFFT risk assessment method (Gallagher et al., 2017). 
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1.4 Research questions 

The current study addresses the following research questions: 

1.4.1 Research question 1 

Can video-based analysis software be utilized to effectively measure the distance 

between the approximate location of the L5/S1 (i.e., user’s hip) and the load being lifted 

(i.e., user’s hand) during various dynamic lifting conditions? 

1.4.2 Research question 2 

What is the optimal camera placement (i.e., height from the floor and angle with respect 

to the captured individual) that would enable for the most accurate moment arm 

measurement through the video-based analysis software?  

1.4.3 Research question 3 

Would the video-based analysis software provide more accurate moment arm 

measurements as compared to the conventional tape measure? 

1.4.4 Research question 4 

How would measurement error from the video-based analysis software and tape 

measure impact the low back risk assessment using the NIOSH Lifting Equation and 

LiFFT (i.e., probability of high-risk job)? 

1.5 Hypotheses 

The hypotheses of the current study are as follows: 

1.5.1 Hypotheses 1 

Video-based analysis software (VAS) can be effectively used to measure the moment 

arm during different lifting conditions with high accuracy.  

1.5.2 Hypotheses 2 

Moment arms measured using a VAS approach would be more accurate than those 

measured using the conventional tape measure.  
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1.5.3 Hypotheses 3 

Using moment arm measurements obtained from the gold standard reference system 

and VAS as inputs into the NIOSH Lifting Equation and LiFFT lifting assessment 

methods would accurately classify the assessed lifting tasks within the proper risk levels 

more than moment arms measured using the tape measure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 
 

CHAPTER 2 

LITERATURE REVIEW 

2.1 External Moments and Internally Generated Low Back Moments 

Forces generated from muscle contraction (i.e., internal forces) are needed to counteract 

both the load being lifted (i.e., external force) and the upper body weight of the lifter (Bernard 

& Putz-Anderson, 1997).  However, forces due to load lifting, lifting posture, and torso 

kinematics could create rotational, compressive, or shear forces that surpass the safety 

tolerance of the intervertebral discs and supporting tissues.  As a result, the internally generated 

forces will not be high enough to counteract the load moments, and thus, a severe low back 

injury may occur (NIOSH, 1997b).  Plamondon et al. (2014) demonstrated that posture-related 

variables significantly influence the internal forces on the spine by increasing the external 

loading.  The longer the moment arm (i.e., the horizontal distance between the approximate 

L5/S1 location and the load being lifted), the higher the internal moment (Davis et al., 1998b; 

Marras et al., 1999).  Also, several studies showed that extreme torso sagittal flexion exposes 

the lumbar spine to high compressive loads, which have the potential to accelerate the 

degenerative discs or cause fracturing of the intervertebral endplates (Cheng et al., 1998; Innes 

& Straker, 1999; Marras et al., 2001; van Dieën & Kingma, 1999).  Moreover, spinal muscle 

coactivity and compression and shear forces increase as the external moment increases.  Marras 

et al. (1995) demonstrated that most of the forces acting on the L5/S1 disc are due to forces 

generated by the muscles to counteract the loading from the increased external load moment.  

Also, compressive forces and shear forces increase with the increase of the internal moment 

(Chaffin & Park, 1973; Fathallah, Marras, & Parnianpour, 1998; K. P. Granata & Marras, 1995; 

Marras & Sommerich, 1991a, 1991b; Norman et al., 1998) that was developed to counteract 

the external load moment (Davis & Marras, 2000; Granata & Marras, 1993; Marras & Mirka, 

1992; William Steven Marras & Mirka, 1990).   
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2.2 Factors that Impact the Internally Generated Low Back Moment 

The magnitude of the internally generated moments is subject to various factors such 

as muscle moment arm, cross-sectional area, lumbar curvature, age, body weight, and stature. 

2.2.1 Muscle Moment Arm  

Longer muscle moment arms reduce muscle activities, and thus, reduces compression 

forces on the muscle (Chaffin, Andersson, & Martin, 1999).  M. Jorgensen, Marras, Granata, 

and Wiand (2001) results revealed that moment arms of males trunk muscles are significantly 

larger (14.2% in the coronal plane; 17.5% in the sagittal plane) as compared with females.  

Thus, it can be concluded that females are predicted to experience higher internal loadings than 

males for the same external loading.  Seo, Lee, and Kusaka (2003) demonstrated that rectus 

abdominal moment arms were shorter in taller males.  Farrag, Elsayed, El-Sayyad, and Marras 

(2015) agreed that the co-contraction of trunk muscles predicts spinal loading.  Also, they 

supported that the shorter the distance between the trunk muscles and the spine, the higher the 

contraction of these muscles to counteract the external forces, and thus, the higher the spinal 

compression forces.  

2.2.2 Cross-Sectional Area  

The increase in the muscles cross-sectional area reduces muscle activities and 

compression forces, for muscles with higher volumes contracts with lower muscle activities 

(McGill, 1992).  Another study showed the importance of determining the trunk muscles cross-

sectional area so that one can investigate spinal loadings (Marras, Jorgensen, Granata, & 

Wiand, 2001).  Seo et al. (2003) showed that muscle cross-sectional area increase as the weight 

of the person increases.  Thus, one can conclude that the internal forces are higher in thinner 

individuals than heavier individuals for the same external loading. 
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2.2.3 Lumbar Curvature  

Potvin, Norman, and McGill (1991) explained that considerable posterior shear forces 

are generated from the oblique fibers of the lumbar extensor muscles to counteract the forces 

on the facets and disc.  However, lumbar curvature was found to influence the muscle forces 

and internal moments, and thus, spinal flexion will add pressures on ligaments in addition to 

the anterior shear forces resulting from the load being lifted and upper body weight.  Moreover, 

Granata and Marras (1993) suggested that changes in spinal curvature could affect the 

magnitude of the predicted trunk moments and spinal loading.  Also, Arjmand and Shirazi-Adl 

(2005) studied the effect of the lumbar curvature on trunk response during various trunk sagittal 

flexion and loading conditions.  The authors described that the passive muscle forces played a 

major role in kyphotic postures, while the lordotic postures exploited active muscle forces.  

Their results revealed that the lumbar curvature influenced the spinal shear forces (Arjmand & 

Shirazi-Adl, 2005).  Bazrgari, Shirazi-Adl, and Arjmand (2007) found that thorax rotations in 

stoop lifts were much greater than those in squat lifts.  Furthermore, the lumbar curvature in 

squat lift was described as lordotic.  Thus, squat lifts were recommended over the stoop lifts to 

reduce the net moments and spinal forces (Bazrgari et al., 2007).  Also, freestyle postures or 

trunk postures with moderate flexion were recommended to reduce spinal loads and internal 

moments.  Several other studies have suggested that lordotic posture increased the trunk 

muscles activity during the early phases of the lift, and thus, protected the lumbar spine against 

spinal loadings and internal moments by reducing segmental shear forces (Delitto, Rose, & 

Apts, 1987; Hart, Stobbe, & Jaraiedi, 1987; Vakos, Nitz, Threlkeld, Shapiro, & Horn, 1994).  

2.2.4 Age, Body Weight, and Stature 

Marras et al. (2001) demonstrated differences between genders in the muscle geometry 

(i.e., size) for the erector spinae, external and internal obliques, psoas major, and quadratus 

lumborum, where males showed larger cross-sectional areas for all muscles.  Accordingly, 
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Marras’s colleagues stated that muscle forces and internal moments could be affected  by 

gender.  Seo et al. (2003) examined the factors of stature, age, and weight upon moment arm 

and cross-sectional area of rectus abdominis and erector spinae muscles for males and females.  

Seo et al. (2003) found that moment arm length of rectus abdominis (for females) and erector 

spinae (for both genders) increased as the stature increased.  Also, they found that the increase 

of age for both genders was associated with an increase in the moment arms of the two muscles.  

However, cross-sectional area was not related to age for both genders.  Additionally, Seo et al. 

(2003) showed that the increase of weight of males and females was associated with an increase 

in both muscles moment arms and cross-sectional areas (except for females rectus abdominis).   

2.3 External Moment/Force Values Correlated to Anthropometrics 

External moment is a significant risk factor for the LBD.  There are two components of 

the external moments, including moment arm (i.e., a factor of horizontal lift distance and 

vertical height) and load weight.  Carefully determining safe load weights based on the load 

distance (from the ankles) and height (from the floor) would reduce the external moments, and 

thus, reduce the risk of LBD.  Kelsey et al. (1984) reported that lifting an object of more than 

11.3 kg with a frequency of more than 25 times a day would result in a risk of acute prolapsed 

lumbar intervertebral disc three times greater than those who lift less than this weight.  The 

1991 revised NIOSH Lifting Equation has defined the standard lifting location as a vertical 

height of no more than 75 cm from the floor and the horizontal distance of no more than 25 cm 

from the midpoint between the worker’s ankles.  It is believed that under ideal lifting conditions 

including sagittal position, infrequent lifting, close horizontal distance (i.e., < 25 cm), and good 

couplings, the recommended load weight of lift is 23 kg (Waters et al., 1993).  Almost similar 

horizontal distance was reported by (Dolan et al., 1994).  Dolan’s team noticed that the peak 

bending moment increased by more than 90% when the load was lifted from a horizontal 

distance greater than 30 cm.  Obviously, lower weights (i.e., < 23 kg) can be safely lifted from 
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farther distances.  Marras et al., (1993, 1995) showed that workers that are exposed to the low 

risk of LBD (i.e., low back moment = 24 Nm) perform lifting of a maximum load weight of 

3.8 kg with a maximum moment arm of 67 cm.  A later study showed that lifting a 9.1 kg load 

located at the knee height resulted in a static moment of 49.3 Nm (Davis & Marras, 2000).  

Similarly, the resulted moment at the destination of the lift (at the elbow height) was 49.6 Nm.  

Both resulted moments at the origin and destination of the lift were very close to the moment 

critical value (i.e., 49 Nm) above which risk significantly increases (Marras, Lavender, Sue, 

Splittstoesser, and Yang (2009).  Schipplein, Reinsel, Andersson, and Lavender (1995) 

suggested very conservative lifting guidelines.  They suggested lifting no more than 40 cm 

away from the ankles if the lifting object was located at a height of 27 cm above the floor.  

Furthermore, Schipplein’s team showed that the adherence to these lifting conditions  resulted 

in average (SD)  L5/S1 moments of 9.48 Nm (0.37), 12.21 Nm (0.41), and 13.67 Nm (0.48) 

when lifting 10.19 kg, 20.38 kg, and 30.58 kg, respectively.  A study by (Bazrgari et al., 2007) 

reported considerably low L5/S1 moments of 33 Nm and 16 Nm resulted from a stoop and 

squat lifting styles, respectively while lifting an 18.34 kg object close to the body (i.e., < 8.8cm) 

at 20 cm height from the floor.  A study by Plamondon et al. (2014) reported high values of 

various peak resultant moments during different lifting conditions.  The peak moments while 

lifting 15 kg boxes are shown in Table 2.1.  
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TABLE 2.1 

 PEAK RESULTANT MOMENTS AS A FACTOR OF LIFT VERTICAL HEIGHT, 

HORIZONTAL DISTANCE, AND LOAD WEIGHT 

 

Height 

(cm) 

Distance 

(cm) 

Peak Moment 

(Nm) 

112 0 105 

112 27 120 

80 0 115 

80 27 140 

48 0 180 

48 27 200 

16 0 240 

16 27 250 

 

2.4 Evidence of Low Back Moments and the Risk of LBD Association  

Numerous studies from different perspectives including epidemiological, 

biomechanical, interventional, and lifting assessment tools were included in this review.  The 

reviewed studies have demonstrated the association between the risk of LBD and low back 

moments.  Critical risk factors that aggravate the low back moments are included.    

2.4.1 Epidemiological Evidence   

In ergonomics, the epidemiological studies help to identify the association between jobs 

risk factors to enable ergonomists to implement the required preventive actions.  Multiple 

epidemiological studies, such as prospective, cross-sectional, and case-control, among others, 

were included to assess the significant effect of external moment on the risk of LBD during 

lifting.  Key findings from the reviewed epidemiological studies are tabulated in Table 2.2.    

Liles, Deivanayagam, Ayoub, and Mahajan (1984) tested the validity of the Job 

Severity Index (JSI) using data from two extensive field studies, where they calculated JSI for 

453 workers from 101 different jobs and compared it with the continued injuries of the same 

included participants (i.e., 453 workers) over the exposure period of 1,057,881 hours.  JSI is 

considered as an engineering tool to control MMH injury, in which it can be used to determine 
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the physical stress level in a lifting job (Liles et al., 1984).  Moreover, JSI is a ratio of job 

demands to the worker’s lifting capacities. Job demands include measurable quantities such as 

weight of the load, the distance of the load being lifted from the worker’s ankles, height of the 

load from the floor, and exposure time and lift frequency.  Worker capacity consists of 

measurable human characteristics, including body size and strength (Liles et al., 1984).  The 

two field studies observed by  Liles et al. (1984) included employees performing MMH tasks 

in 28 different companies.  The first field study included 244 subjects (220 males, 24 females) 

from 36 jobs, while the second field study included 209 subjects (165 males, 44 females) from 

38 jobs.  Liles et al. (1984) concluded that JSI is a valid and effective method to be used to 

control MMH injury.  Moreover, the study showed that this approach could be used for both 

job design (e.g., reducing the distance between the load being lifted and the worker’s ankles or 

elevating the height of the lift from the floor) and employee selection.  Additionally, Liles et 

al. (1984) established a JSI threshold level at 1.5,  for they found that the participants with a 

JSI level of 1.5 or less had an average injury rate (back injuries due to lifting) of 3.9 injuries 

per 100 FTE (100 FTE = 100 fulltime employees = 100 worker years = 200000 exposure 

hours), which is considered much lower than an average injury rate of  8.6 injuries per 100 FTE 

for participants with a JSI of 2.5 or less (Liles et al., 1984).  In other words, individuals working 

at jobs with JSI levels greater than 1.5 are expected to be injured more severely and more 

frequently than those working at jobs with JSI < 1.5.  Therefore, since long load horizontal 

distance from the worker, low vertical height, and heavyweights are factors to increase JSI 

levels for MMH jobs, it can be inferred that by carefully adjusting these factors, one can reduce 

the external loading upon the back and, thus, the risk of OLBD.    

An in vivo cross-sectional study was conducted by Marras et al. (1995) to determine 

the effect of three-dimensional dynamic trunk motions on LBD.  The study evaluated more 

than 400 industrial lifting jobs from 48 different industries.  The included jobs were categorized 
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as either low, moderate, or high risk of OLBD based on the medical records from the included 

industries. Marras et al. (1995) developed multiple logistic regression models to identify which 

factors (i.e., trunk motion, individual, and/or workplace) are most significant in predicting the 

risk of OLBD.  The result showed that there is a significant difference between low and high 

LBD risk groups in the maximum moment with an odds ratio of 3.32 (CI: 2.06 - 5.33), and lift 

frequency with an odds ratio of 1.22 (CI: 1.02 – 1.45).   Additionally, sagittal flexion angle was 

the only significant position related factor in the LBD risk model with an odds ratio of 1.21 

(CI: 1.06 – 1.39).  The developed model suggested that the increase in sagittal angle during the 

lift increases the risk of LBD, while angles close to an upright posture decreases it (Marras et 

al., 1995).  Furthermore, there was a significant difference between low and high LBD risk 

groups in the maximum horizontal distance between the load and the L5/S1 with an odds ratio 

of 1.13 (CI: 1.02 – 1.30).  The authors agreed that the farther the lift origin from the body, the 

higher the compression and shear forces acting on the spine (Figure 2.1) due to the amount of 

the load acting on the L5/S1 disc, wherein case of the upright lift most of these forces will be 

supported by the facet joint (Marras et al., 1995).  Likewise, it was demonstrated that the weight 

of the object being lifted is of a significant impact on the L5/S1 loading with an odds ratio of 

2.42 (CI: 1.64 – 3.58).  Finally, one can conclude that the external load moment showed the 

highest odds ratio (i.e., 3.32) as compared with other factors, and thus, it is the most significant 

factor that affects the risk of LBD.  
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Note: Adapted from Marras (2000) 

Figure 2.1 Three-dimensional loading acting on the spine 

A case-control study was conducted by Norman et al. (1998) to assess the importance 

of cumulative and peak spine loads, hand-loads, and trunk kinematics as predictors of reporting 

low back pain (LBP).  The cases (n = 104) were those who reported LBP at work, while the 

controls (n = 130) were those who did not report any LBP.  Norman et al. (1998) showed a 

strong association between the biomechanical work-exposure variables with the risk of 

reporting LBP at work.  It was demonstrated that peak moment, hand force, and flexion angles 

resulted in odds ratios of 1.9 (95% CI: 1.4-2.6), 1.8 (95% CI: 1.3-2.5), and 2.4 (95% CI: 1.5-

3.8), respectively.  Similarly, cumulative moment, hand force, and flexion angles resulted in 

odds ratios of 1.6 (95% CI: 1.2-2.2), 1.9 (95% CI: 1.4-2.7), and 1.7 (95% CI: 1.2-2.5), 

respectively.  Additionally, the authors concluded that increased exposure to peak shear, 

lumbar moment, peak torso flexion velocity, and usual hand force during the shift would result 

in six times increase in the risk for reporting LBP. Thus, it can be inferred that the external load 

moment is a risk factor for LBD.  

Marras et al. (2009) is a prospective study that was conducted to quantify dynamic 

spinal load moment as well as other potential work physical risk factors, and to determine how 
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exposure to these factors contribute to “low back functional impairment.”  At the baseline, 

Marras et al. (2009) assessed the low back functional health for 888 distribution center workers 

from 50 different jobs in 21 different companies.  Follow-up assessments of kinematic function 

were carried out for 529 workers at least six months after the baseline measures.  A moment 

exposure tracking system was utilized to quantify potential physical risk factors, including 

dynamic load moment.  Marras’s colleagues predicted that greater moment exposures would 

increase the functional impairment of the low back.  The quantified variables included the load 

weight, vertical location, moment arm, lift frequency, lift duration, peak static moment, 

cumulative static moment, peak dynamic moment, cumulative dynamic moment, and average 

dynamic moment.  Using these measurements, Marras and his colleagues developed a 

multivariate model that predicts the probability of significant low back functional impairment.  

The model sensitivity and specificity were 85% and 87.5%, respectively (Marras et al., 2009).  

It can be inferred from this model that moment arm, load weight, lift frequency, as well as lift 

velocity are significant factors that increase the external load moment and, ultimately, the risk 

of LBD.   

Lavender et al. (2012) was part of a larger prospective study that included 888 MMH 

workers in 50 different jobs from 21 distribution centers.  The objective was to develop 

physical exposure-based back injury risk assessment models applicable to distribution center 

jobs.  Lavender et al. (2012) identified multiple variables (including external moment factors) 

that would be used to identify the biomechanical exposure in distribution center MMH tasks.  

The variables included the load weight, lift horizontal distance, peak load moment over time, 

dynamic load moment, vertical heights at the beginning and the end of the lift, and asymmetry 

angle.  The results demonstrated that the dynamic twisting slide moment was associated with 

an odds ratio of 2.39 (CI: 1.70 – 3.35), the dynamic side-bend load moment with an odds ratio 

of 1.41 (CI: 1.24 – 1.60), and the dynamic forward-bend slide moment with an odds ratio of 
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1.39 (CI: 1.22 – 1.58).  Finally, the results demonstrated a significant effect of maximum 

forward moment arm with an odds ratio of 1.39 (CI: 1.15 – 1.67) (Lavender et al., 2012).    

Ferguson, Marras, Lavender, Splittstoesser, and Yang (2014) conducted a prospective 

study to determine the differences in job physical exposures for individuals who stayed in a job 

(survivor) versus those who turned over (left the job), where 811 participants who worked in 

19 different distribution centers were included.  The study examined physical exposure and 

health effects at baseline and 6-month follow-up.  Within the 6-month follow-up period, there 

were 365 turned over employees and 446 “survivors” who remained in the same job.  The 

results showed a statistically significant difference (at alpha = 0.05) of the mean peak dynamic 

forward bending load moment (Nm) between the turnover (36.1, SD=8.8) and the survivor 

noncases (34.6, SD=8.2) groups.  Also, statistically significant difference was shown for the 

mean peak sagittal moment arm between the turnover (0.60 m, SD=0.04) and survivor noncases 

(0.59 m, SD=0.05) groups, as well as for the average peak sagittal trunk angle (degree) between 

the turnover (54.5, SD=9.0) and survivor noncases (52.3, SD=10.3) groups.  Ferguson’s team 

suggested that high turnover might be an indicator of jobs that expose workers to high risk of 

clinical decline in low-back functional performance.  Moreover, the authors indicated that the 

increased physical demands might be the cause of a high turnover rate.  Finally, it can be 

inferred that by avoiding trunk forward bending as well as lifting from a long horizontal 

distance, one may control the risk of LBD. 

Coenen, Kingma, Boot, Twisk, et al. (2013) conducted a prospective cohort study (3-

year follow-up) to examine the association between cumulative low back loads (CLBL) and 

LBP.  Trunk sagittal flexion, trunk twisting, arm sagittal elevation, and the exposure of an 

external force in 25 % of the workers of each task group were recorded.  The above measures 

were required for the CLBL calculations.  The study findings showed a statistically significant 

association between CLBL and LBP in the group with the high CLBL as compared to the group 
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with the low CLBL with an odds ratio of 1.60 (95% CI: 1.10 – 2.35).  Additionally, it was 

shown that the duration of trunk in the flexion position (>5% of the time), lift rate (>15 lifts), 

and number of lifting objects of ≥ 25 kg (>15 lifts) significantly predicted LBP with odds ratios 

of 2.35 (CI: 1.46 – 3.79), 2.22 (CI: 1.33 – 3.36) and 2.38 (CI: 1.48 – 3.82), respectively.  It was 

shown that the more trunk forward bending angles, the longer the moment arm (Plamondon et 

al., 2012), and since it was demonstrated by Coenen and his colleagues that the trunk flexion 

is a predictor for the risk of LBD, one can infer that the trunk external moment (i.e., the product 

of moment arm and load weight) increases the risk of LBP due to the increased CLBL. 

It can be concluded that there is epidemiological evidence to support that the external 

moment is a risk factor for LBD.  Common factors were shown to increase the external load 

moment, and thus, the risk of LBD.  These factors include the horizontal position of the load 

from the body (i.e., moment arm), vertical height of the load from the floor, and load weight.  

Lift frequency and duration were also shown to increase the risk of LBD.  Finally, it was 

demonstrated that the external load moment resulted in the highest odds ratio, which indicates 

that external load moment is a significant factor in predicting the risk of LBD. 
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TABLE 2.2  

KEY FINDINGS FROM THE REVIEWED EPIDEMIOLOGICAL STUDIES 

 

Author/Year Purpose Population/Tasks 
Study 

Design 
Major Outcomes 

OR/RR/HR/PRR 

(CI.95) 
Risk Factors  

Coenen et al. 
(2013) 

To investigate the 
association of 

cumulative low back 

load (CLBL) with 
LBP 

N= 1,745 Dutch 

workers (male= 1,222 

; female= 510) 

Prospective 

associations of CLBL 

and physical risk 

factors with LBP 

OR=2.06 (CI: 
1.32-3.20) 

CLBL (i.e. a combined 
effect of sagittal flexion 

degree and lift 

frequency) and lift load 
> 25 kg 

Ferguson et 

al. (2014) 

To determine 

differences in job 

physical exposure 
between those who 

turned over from their 

jobs and those who 
remained 

365 turnover and 446 
survivor (cases and 

non-cases) employees 

Prospective 

Turnover employees had 

significantly greater 

exposure compared to 
non-cases 

 
Load weight and 
position; and lift 

duration 

Liles et al. 

(1984) 

To test the validity of 

the Job Severity 

Index (JSI) as an 
engineering tool for 

the control of manual 

materials-handling 
injury 

453 individuals 
working in 101 

different MMH jobs 

Field 

JSI method can 

effectively be used to 
control injuries caused by 

the manual lifting of 

loads 

 

 Load weight, the 

distance of the object 
being lifted from the 

spine, and exposure 

time and lift frequency 

Marras et al. 

(2009) 

To determine which 

physical exposure 

measures related to a 
reduction in low back 

function 

888 workers 
employed in 50 

distribution center 

jobs 

Prospective 

A multivariate model was 

developed to predict the 

probability of significant 
low back functional 

impairment (The 

sensitivity and specificity 
of were 85% 

and 87.5%, respectively) 

 

Sagittal plane dynamic 
load moment exposure, 

the time of the lift at 

which the maximum 
dynamic lift moment 

occurred, and maximum 

lateral (right) velocity 
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TABLE 2.2 (continued) 

Author/Year Purpose Population/Tasks 
Study 

Design 
Major Outcomes OR/RR/HR/PRR (CI.95) Risk Factors  

 

Marras et al. 

(1995) 

 

To determine the 
effect of three-

dimensional dynamic 

trunk motions  on 

LBD 

 

More than 400 

industrial lifting jobs 

from 48 different 

industries 

 

Cross-

sectional 

 

A multiple logistic 

regression risk model 

that enables 

determining the LBD 
risk in the studied 

jobs 

 

Trunk flexion OR= 1.21 (CI: 

1.06-1.39), external moment 

OR= 3.32 (CI: 2.06-5.33), lift 

rate OR= 1.22 (CI: 1.02-1.45), 
and horizontal distance OR= 

1.13 (CI: 1.02-1.30) 

  

External moment, 

lift rate, and 
horizontal 

distance from of 

the load from 

L5/S1 among 

others 

Norman et al. 

(1998) 

To demonstrate the 

importance of 

cumulative and peak 

spine loads, hand-
loads, and trunk 

kinematics as 

predictors of reporting 

LBP 

104 cases and 130 

controls assembly and 
assembly assistant 

workers 

Case-

control 

Cumulative 

biomechanical 

variables are 
important risk factors 

in the reporting of 

LBP 

Moment OR = 1.4 and Load 

weight OR = 1.7 

Peak shear force, 
integrated lumbar 

moment, peak 

torso flexion 

velocity, and 
external forces on 

the hands 
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2.4.2 Biomechanical Evidence  

Biomechanical studies explain the mechanics of musculoskeletal activities of living 

organisms. In the area of LBD, numerous biomechanical studies have been conducted to 

understand the mechanics of the lower back during lifting.  Additionally, multiple studies have 

been conducted in an attempt to demonstrate the impact of lifting heavy weights both from 

either far horizontal distance from the L5/S1 or lower vertical height on the risk of LBD.  More 

particularly, the impact of the low back external moment on the risk of LBD was examined.  

Findings from the reviewed biomechanical studies are summarized in Table 2.3.    

Dolan et al. (1994) measured bending and compressive stresses acting on the lumbar 

spine during lifting activities that involve sagittal bending of the torso.  Lifting risk factors 

including lifting moment arm, lifting speed, lifting style, object mass, and size were evaluated.  

Dolan’s team demonstrated that as the distance between the center of the load and the subject's 

feet (i.e., moment arm) increased from 0 to 60 cm the peak extensor moment (i.e., forces 

generated by the back muscles) increased by about 90%.  Similarly, the peak bending moment 

(i.e., loads acting on the intervertebral discs and ligaments on the lumbar spine) increased by 

more than 90% when the load was lifted from a horizontal distance greater than 30 cm.  Dolan’s 

team showed that with the increased mass of the load lifted, the lumbar spine peak bending 

moment and peak extensor moment increased gradually.  Moreover, lifting a 30 kg load 

increased the peak extensor moment by almost twice, while the peak bending moment 

increased by about 50% as compared to the 0 kg lift.  Also, an increase of about 20-25% was 

noticed in peak bending moment and peak extensor moment as the object size increased from 

small to large size (Dolan et al., 1994).  One can conclude that the increase in moment arm 

(i.e., a factor of horizontal distance and vertical height), load weight, and size would increase 

the internal moments acting on the spinal intervertebral discs. 
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Schipplein et al. (1995) examined the influence of the horizontal distance of the load 

away from the worker both on the external moment acting on the lumbar spine and the lower 

extremities during the lift.  Additionally, the authors aimed at determining the role of the lower 

extremities during the lift.  Schipplein’s colleagues demonstrated that as the load weight 

increased, the moment acting on the lumbar spine increased, accordingly.  Also, it was 

concluded that the increase in the moment arm of the lift increases the spine and hip moments.  

Consequently, to reduce the risk of LBD, the authors suggested that workers should not lift 

from far horizontal distances.  Also, it was demonstrated that flexing the knees and ankles while 

lifting an object from far distances helps to maintain the subject’s balance, and, ultimately, 

reduces the spinal strains (Schipplein et al., 1995).  However, this finding is inconsistent with 

findings by Park and Chaffin (1974) who showed that far lifting with flexed knees increases 

the moment arm between the load and L5/S1, which increases the external moment load about 

the L5/S1 disc as compared with lifting with straight knees that reduces the moment arm 

between the load and spine. 

Davis, Marras, and Waters (1998a) conducted a study to investigate the relationship 

between the muscle length-strength and force-velocity during load lowering activities.  Another 

aim of the study was to evaluate the spinal loading during lifting and lowering activities.  The 

independent variables included load weight, trunk velocity, and task type (i.e., lifting or 

lowering).  The study dependent variables were the estimated maximum compression, 

anterior/posterior (A/P) shear, and lateral shear forces acting on the L5/S1 intervertebral disc.  

Davis et al. (1998a) demonstrated that different lifting/lowering conditions which are a result 

of variations of several factors including moment arm between the load and the body, flexion 

angles, and lifting velocities would result in different moments acting on the spine.  Moreover, 

the authors proposed that the increase in the above-mentioned lifting factors would increase 

the external load moments.  Furthermore, it was concluded that the sagittal trunk moment 
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during the lowering task (140.5 Nm) was, on average, significantly greater compared to the 

lifting tasks (113.1 Nm).  Davis’s team concluded that participants seemed to hold the load 

farther away from the body during lowering tasks as opposed to holding it closer to the body 

during lifting tasks.  They supported that the increased moment arm and load weight would, 

consequently, increase the moment about the L5/S1 disc.   

The main objective of Davis et al. (1998b) was to evaluate the influence of the presence 

of handles on cases upon the spinal loading during lifting from different pallet regions.  The 

results revealed that hand coupling, as well as box location on the pallet, significantly 

influenced L5/S1 anterior/posterior shear and compression forces.  Moreover, the results 

showed that cases with handles reduced the sagittal flexion and, thus, reduced internal moments 

acting on the L5/S1 disc, especially when lifting from lower regions of the pallet.  It can be 

concluded that lifting cases, especially from lower heights, with no handles would increase the 

external moments due to the increased sagittal flexion, and as a result, increase the risk of LBD.   

A study by Davis and Marras (2000) was conducted to assess the relationship between 

the load weight and trunk kinematics and their impact upon spinal loading.  The study included 

15 participants who lifted boxes of different weights ranging from 9.1 to 41.7 kg from knee 

height and transferred it to an elbow height shelf that was five feet away from the lift origin 

location.  The results revealed that weights greater than 25 kg appeared to increase the static 

moment as well as spine loading substantially.  Similarly, weights heavier than 25 kg resulted 

in dynamic compression forces that were closer to upper tolerance level as well as dynamic 

shear forces that were greater than the shear tolerance level (Davis & Marras, 2000).  In 

addition to the effect of load weight on the risk of LBD, trunk dynamics and horizontal moment 

arm showed a linear relationship with trunk muscle coactivity and spinal loads and, ultimately, 

the risk of LBD. 



25 
 

A study by Davis and Marras (2005) was conducted to investigate the impact of 

different lift origin and destination heights and asymmetry angles upon the three-dimensional 

spinal loadings. The study included 14 participants to lift an 11.4 kg box from an origin and 

destination shelves at different heights (shoulder, elbow, and knee level) and from three 

different asymmetric angles (sagittally symmetric, 60° clockwise and counter-clockwise). This 

study found that among various workplace risk factors, lift height at both origin and destination 

of the lift influenced the low back load the most. More specifically, lower lift origins increased 

the lateral shear and compression forces the most due to the increased trunk moments during 

the flexed trunk.  The height of the destination had a significant influence on the A/P shear 

forces, that is, the lower the lift height, the higher the A/P shear forces.  Furthermore, it was 

shown that the interaction of both lift height and asymmetric angles have a considerable 

influence on the three-dimensional spinal loadings (Davis & Marras, 2005).  

Hoozemans, Kingma, de Vries, and van Dieën (2008) aimed at quantifying the impact 

of load weight and height upon the net moments, compression, and A/P shear forces.  Ten 

participants were required to lift a 7.5 kg box from four different heights above the floor.  

Hoozemans’s team demonstrated that the increase in the lifting height was associated with a 

decrease in low back load.  In contrast, it was shown that lower lift positions would increase 

the trunk forward bending, which increases the lower back moment due to the force imposed 

by the upper body weight.  Also, heavier lifting loads were associated with higher low back 

loading (Hoozemans et al., 2008).  One can conclude that lifting heavy objects from lower 

heights (i.e., more trunk forward flexion) would increase the low back moments and, 

eventually, the risk of LBD.  

Ning et al. (2014) examined the impact of different load handling positions upon trunk 

flexion angle, L5/S1 disc moment, and compression force.  Eleven participants were recruited 

to suddenly lift a 6.8 kg box from three different lifting heights and two lifting asymmetries.  
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The results revealed that sudden lifting from heights higher than the umbilicus level decreases 

sagittal trunk flexion; however, increases spinal compression forces.  Additionally, it was 

demonstrated that both medium and high lifting heights increased the L5/S1 disc moments as 

compared to lifting from a lower height.  The increased external moments was attributed mainly 

to the increase of moment arm distance in the medium and hight lifting conditions (Ning et al., 

2014).  Furthermore, during lifting from the low height, participants were able to rotate their 

arm which makes them able to bring the load closer to their body (i.e., moment arm average 

decrease of about 33 mm).  Consequently, the L5/S1 external moments decreased in this lifting 

position.  One can conclude from the above findings that reducing the low back moments and 

compression forces can be achieved by carefully designing the lifting tasks to ensure workers 

sagittally lift light weight loads and close to the body.  

Gallagher and Heberger (2015) examined the impact of several palletizing task factors 

on the spinal loading.  Eight male participants lifted 11.3 kg bags from a conveyor to a pallet.  

The results revealed that side orientation of the pallet resulted in significantly higher moments 

as opposed to locating the pallet at the end of the conveyor.  That could be due to the less 

amount of force applied by the worker to lift the bag from the end of the conveyor as opposed 

to more momentum required to lift the bag and directed into the opposite direction of the 

conveyor movement while lifting it from the side of the conveyor.  Additionally, it was shown 

that stacking the bags in the lower levels resulted in higher peak sagittal bending moments 

(Gallagher & Heberger, 2015).  Similarly, farther bag destination on the pallet increased the 

peak sagittal bending moments.  Thus, Gallagher and Heberger (2015) demonstrated that 

loading bags to the lower levels of the pallet increased the trunk sagittal bending moments as 

compared to loading to the upper levels. 

Silvetti et al. (2015) examined the influence of manually handling different load 

weights from different vegetable and fruit shelve levels on the workers’ biomechanical load.  
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Five male workers with more than three years of experience in MMH were recruited in the 

study.  The experiment took place in a laboratory setting, where a shelf of four different vertical 

heights was utilized as a lift origin.  The heights were low (36 cm), middle-low (65 cm), middle 

high (96 cm), and high (136 cm).  Their horizontal distances from the participants were 12 cm 

for the low level, 29 cm for the middle low level, 47 cm for the middle-high level, and 70 cm 

for the high level.  The participants lifted two different weights, 6 kg and 8 kg.  Mean and peak 

EMG values of the upper limb, trunk, and lower limb muscles were investigated.  Silvetti et al. 

(2015) demonstrated that the medium-low shelf level with a horizontal distance of 29 cm 

resulted in lower mean and peak EMG activity as well as the joint range of motions when 

compared with the other investigated positions.  Silvetti’s team noticed that the largest 

differences appeared between the medium-low and high positions, which supported that.  Also, 

it was shown that low lifting position resulted in great muscular exertion due to significant 

trunk flexion.  It can be inferred that load height and horizontal distance have a considerable 

impact on the lower back as well as other body parts. 

The above biomechanical studies demonstrated that the moment arm distance is a factor 

of load horizontal distance from the L5/S1 and vertical height from the floor. Moreover, it has 

been shown that the lifting heavy loads farther from the body and/or from a lower vertical 

height would increase the low back external moment, and, ultimately, the risk of LBD.  
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TABLE 2.3  

KEY FINDINGS FROM THE REVIEWED BIOMECHANICAL STUDIES 
 

Author/Year  Purpose Population/Tasks Major Outcomes Risk Factors  

Davis et al. 

(1998a) 

To estimate the three-dimensional  
spinal loads during different lifting 

and lowering conditions  

10 male students with ages ranged 
from 22 to 34 years old performed 

lowering and lifting tasks  

Compression forces were higher 

during lowering (longer external 

moments), while A-P shear forces 
were smaller  

Load weight, moment 
arm, trunk angle and 

velocity 

Dolan et al. 

(1994) 

 To evaluate factors such as object 

mass, bulk, distance, lifting style and 

speed which could be identified as 
factors leading to potentially harmful 

combinations of bending and 

compression acting on the lumbar 
spine. 

21 men and eighteen women lifted 

objects from ground level 

Extensor moment and bending 

torque increased with increasing 

object's mass, bulk and distance 
from the feet 

Object mass, bulk, 

horizontal distance 
from the feet, trunk 

twisting angle, lifting 

style, and speed 

Schipplein et 

al. (1995) 

To determine the effect of the initial 

horizontal load placement on the 

moments acting on the lumbar spine 
and lower extremities during liftings  

20 subjects, each lifted four 
different weights at five horizontal 

distances    

As the horizontal distance of the 

lift increased, the peak moment 

acting on the spine also increased, 
but the increase was nonlinear  

Lift horizontal 

distance from the 

ankle and knee 
flexion degrees   

Davis and 

Marras (2000) 

To assess the relationship between 

load weight and trunk kinematics and 
their impact upon spinal loading 

15 participants lifted boxes of 

different weights from knee height 

and transferred it to a shelf at the 
elbow height that was five feet 

away from the lift origin 

Load weight as well as trunk 

dynamics and horizontal moment 

arm influenced trunk muscle 

coactivity and spinal loads 

Load weight, moment 

arm, trunk angle, 

velocity, and 

acceleration 

Davis and 

Marras (2005) 

To investigate the impact of different 

lift origin and destination heights and 

asymmetry angles upon the three-

dimensional spinal loadings 

14 participants experienced and 

inexperienced in MMH 

Lift height at both origin and 
destination impacted the low back 

load the most. The interaction of 

lift height and asymmetric angles 

had a considerable influence on the 
three-dimensional spine loadings 

Load weight, lift 
height, and 

asymmetry angle 
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TABLE 2.3 (continued) 

Author/Year  Purpose Population/Tasks Major Outcomes Risk Factors  

Davis et al. 
(1998b) 

To evaluate the influence of 

the presence of cases 

handles coupling on the 
external moments imposed 

on the L5/S1 disc during 

lifting 

10 male participants who worked as 
items selectors 

Hand coupling as well as box location on 

the pallet significantly influenced 
anterior/posterior shear and compression 

forces 

Lift height, 

distance, and load 

handles  

Hoozemans et 

al. (2008) 

To determine the impact of 
load height and mass in 

terms of net moments, 

compression forces, and 
anterior-posterior shear 

forces 

10 males lifted 7.5 kg and 15 kg boxes 

from different heights 

Lower lifting height and heavier load 

weight increased the low back loading 

Load height and 

weight 

Ning et al. 

(2014) 

To examine the impact of 
different load handling 

positions upon trunk 

biomechanics  

11 participants were exposed to a 6.8 kg 

sudden loading while standing erect, 
facing forward and holding the loads at 

three different vertical heights in the 

sagittal plane or 45° to the left of the 

sagittal plane 

The asymmetric load handling position 

resulted in lower spinal compression and 
L5/S1 joint moment when compared 

with symmetric holding. Lower height 

reduced the moment arm and L5/S1 

moment 

Load weight, 

vertical height, 

horizontal 
distance, and 

asymmetry angle 

Gallagher and 

Heberger 

(2015) 

To examine the impact of 

several palletizing task 

factors on the spinal loading 

8 males lifted several 11.3 kg bags from 
a conveyer to a pallet 

Palletizing to a pallet located on the side 

of the conveyor line and stacking at the 

lower levels increased the forward 
bending moments as compared with the 

end of the conveyor pallet location and 

higher-level stacking 

Load weight, 

height, and 

asymmetry angle 

Silvetti et al. 

(2015) 

To assess the effect of 
different shelves levels and 

load weights on the workers’ 

biomechanical load 

5 male workers with more than 3 years 

of experience in MMH  

Lower lifting heights, far horizontal 

distances, and heavy weights increase the 
low back loadings during lifting 

Load weight, 
height, and 

horizontal 

distance 
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2.4.3 Ergonomics Assessment Tools Evidence 

Due to the increased risk of OLBD associated with MMH jobs, especially lifting, 

assessment tools have been developed to help eliminate or reduce risk factors present in lifting 

jobs.  Several ergonomic assessment tools are available to assess lifting jobs (e.g., the revised 

1991 National Institute for Occupational Safety and Health (NIOSH) Lifting Equation; The 

American Conference of Governmental Industrial Hygienists (ACGIH) Threshold Limit 

Values (TLV) for Lifting; Lifting Fatigue Failure (LiFFT); The Liberty Mutual ‘‘Snook’’ 

lifting tables; etc.).  Nearly all existing assessment tools consider external moment factors such 

as moment arm distance and the load weight (i.e., the two components of external moment) as 

inputs into these assessment methods.  Findings from the ergonomic assessment studies are 

summarized in Table 2.5.     

Waters et al. (1993) described the Lifting Index (LI) that could be used to identify 

hazardous lifting tasks using NIOSH Lifting Equation assessment method.  A biomechanical 

criterion was involved in developing the original and revised lifting equation.  The importance 

of the biomechanical criterion is to control the effects of lumbosacral stress, especially in 

infrequent lifting tasks.  Moreover, during manual lifting, moments are created in the trunk 

area, and these moments increase as the weight of the load and load horizontal distance from 

the L5/S1 disc increase.  LI values less than or equal 1.0 represent low LBD risk category, LI 

values more than 1.0 and less than or equal 3.0 represent the moderate LBD risk category, and 

LI values greater than 3.0 represent the high LBD risk category.  The 1991 NIOSH revised 

lifting equation has defined the standard lifting location as a vertical height of about 75 cm 

from the floor and the horizontal distance of no more than 25 cm from the midpoint between 

the worker’s ankles.  It is believed that under ideal lifting conditions including sagittal position, 

infrequent lifting, close horizontal distance (i.e., < 25 cm), and good couplings; the 

recommended load weight is 23 kg.  Correspondingly, the 1991 committee demonstrated that 
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lifting this load weight under the above mentioned ideal conditions would result in L5/S1 disc 

compression less than 3.4 KN, which would be acceptable to 99% of the male workers and 

75% of the female workers (Waters et al., 1993).  Consequently, the NIOSH 1991 has 

developed a recommended weight limit (RWL) which is a product of load constant (i.e., 23 kg) 

with a number of multipliers including horizontal (HM), vertical (VM), distance (DM), 

asymmetric (AM), coupling (CM), and frequency (FM) multipliers.  The value of each 

multiplier ranges between values of zero and one, in which the worse the multiplier condition 

the closer the multiplier value to zero.  The ratio of the actual weight being lifted and the RWL 

is the LI.  Thus, the lower the values of the multipliers, the lower the RWL, the higher the LI.  

Accordingly, the higher the LI, the more significant the risk of LBD in the evaluated job.   

Waters et al. (1999) conducted a study to evaluate the 1991 Revised NIOSH Lifting 

Equation by assessing the association between the prevalence of LBD and MMH risk factors 

measured used as inputs into the revised NIOSH Lifting Equation.  The results revealed that as 

the LI increased from 1.0 to 3.0, LBD odds ratio gradually increased, where the most significant 

odds ratio of 2.45 occurred with LI between 2.0 and 3.0.  Additionally, Waters’s colleagues 

showed that the LI is a useful tool to determine the potential risk of LBD in MMH jobs.  More 

importantly, the study findings showed that as the horizontal multiplier (i.e., a factor of moment 

arm) decreased from 0.64 to 0.49 the LI increased from 1.0 to 3.0.  The values for the horizontal 

multipliers were the lowest at the three LI risk category levels (i.e., low, moderate, and high 

risk of LBD) compared to other multipliers (i.e., vertical, distance, asymmetric, coupling, and 

frequency).  These findings indicate that the moment arm, which is a critical factor in 

determining the external moment, has the highest impact on the value of LI, suggesting that 

the external moment has a great impact on the risk of LBD. 

Arjmand, Amini, Shirazi-Adl, Plamondon, and Parnianpour (2015) examined the 

adequacy of the NIOSH Lifting Equation in controlling in vivo biomechanical spinal loads 
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during 50 upright and flexed postures lifting tasks.  The evaluated tasks were infrequent (FM 

= 1), symmetric (AM = 1), good hand coupling (CM = 1), and small vertical travel distance of 

the lift (DM = 1). Kinematics data from earlier in vivo studies (Arjmand, Gagnon, Plamondon, 

Shirazi-Adl, & Lariviere, 2009, 2010) was used in Arjmand et al. (2015) to determine the 

horizontal and vertical positions of the load required in the calculation of the RWL.  

Additionally, the horizontal distance of the lift from the L5/S1 as well as body postures 

including forward trunk and pelvis angles away from the upright posture are needed for the 

estimation of spinal loads using the predictive equations developed by Arjmand et al. (2011). 

Using the predictive equations and RWL, Arjmand’ colleagues concluded that forward trunk 

flexion (i.e., ≥ 30⁰) increases the loading on the spine (i.e.,> 3400 N) as compared to an upright 

standing posture.  Furthermore, the authors concluded that the RWL was adequate for upright 

lifting tasks, while it was not appropriate for sagittally flexion lifting tasks.  Arjmand et al. 

(2015) further concluded that the vertical multiplier used in the NIOSH Lifting Equation is 

responsible for this inadequacy.  The predictive equations also revealed that as the horizontal 

distance between the load and the body increased from 25 cm to 50 cm, the maximum lifting 

load should have decreased by about 40% to maintain the L5/S1 compressive load at a safe 

limit (i.e., 3400 N).  Applying the NIOSH Lift Equation, it was shown that as the moment arm 

increased from 25 cm to 50 cm, the RWL decreased by about 50%.  Therefore, Arjmand et al. 

(2015) concluded that the NIOSH horizontal multiplier properly controlled the L5/S1 

compression load to meet the safe recommended limit.  It can be inferred that the external low 

back moment is a significant factor that affects the risk of LBD and, thus, by carefully 

maintaining the safe limits of RWL (i.e., load weight) and moment arm, one can control the 

risk of LBD in a given lifting job. 

The Liberty Mutual ‘‘Snook’’ lifting tables are based on the initial MMH assessment 

method developed by Snook & Ciriello (1991).  The tables include maximum acceptable 
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weights for lifting/lowering tasks based on the psychophysical evaluations of heart rate, oxygen 

consumption, anthropometric characteristics, and job satisfaction.  The tables provide the 

percentage of MMH workers who are capable of performing a given job without becoming 

fatigued.  Additionally, various parameters are used to determine the suggested load weights 

for male and female individuals.  These parameters include load width, lift/lower horizontal 

distance, vertical height, frequency.  The suggested weights are believed to be acceptable (i.e., 

represent a low risk of OLBD) for 75% of the female population. Finally, the tables enable for 

classifying the lifting as suitable or unsuitable for the working population with different 

capabilities. 

The Washington State Ergonomics Rule Lifting Calculator (WA L&I) was designed to 

identify the potential high-risk of OLBD, and provides simplified lifting guidelines based on 

the 1991 NIOSH Lifting Equation (Figure 2.2).  It suggests a load weight limit based on the 

evaluation of various lifting factors, including the horizontal and vertical position of the hands 

with respect to the individual’s toes at the origin of the lift, the torso asymmetry of more than 

45° during lifting, and the frequency and duration of the lift (WAC, RCW 296-62-051, 2000a, 

b). 

Another assessment method is the Ohio Bureau of Workers Compensation Lifting 

Guidelines (Figure 2.3), which provides lifting guidelines for workers returning to work after 

OLBD.  There are three OLBD risk categories guidelines (i.e., safe, medium, and high-risk 

lifting tasks) for lifting, with three different ranges of torso asymmetry (i.e., 0˚-30˚, 30˚-60˚, 

and 60˚-90˚).  Parameters included in the assessment of lifting tasks include lift horizontal 

distance between the hand and the spine, vertical location of the load, and torso asymmetry.  

The lifting guidelines can be used by workers with LBP as well as asymptomatic workers 

(Ferguson, Marras, & Burr, 2005). 
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Note: Adapted from: WAC, RCW 296-62-051, 2000a 

Figure 2.2 Washington state ergonomic rule lifting guidelines 

 

Note: Adapted from: (Ferguson et al., 2005) 

Figure 2.3 Ohio Bureau of Workers Compensation Lifting Guidelines (for lifting tasks with 

0˚-30˚ torso twisting) 
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Another MMH assessment method is to be found in “At-vejledning” (At-guidance).  

At-vejledning are guidelines developed in 2005 by the Danish Working Environment 

Authority.  The guidelines include optimal and low-risk load weights for MMH tasks.  The 

maximum lifting weight was mainly defined based on the load distance from the body during 

lifting.  In other words, the farther the load from the body, the lower the recommended load 

weight.  Also, the closer the load to the body, the lower the risk of OLBD.  In addition to the 

load distance from the body, other lifting conditions (e.g., lifting vertical height, frequency, 

body posture, load coupling, workplace environment, etc.) play a role in determining a low-

risk load weight limit.  As an illustration, for lifting between mid-thigh and elbow height, the 

At-guidance has suggested load weight of 50 kg for loads held close to the body, 30 kg for 

loads held at about 30 cm from the body, and 15 kg for loads held at about 45 cm from the 

body (see Figure 2.4) if all other conditions were ideal.  Moreover, Danish has defined the 

maximum overall weight lifted as a daily lift of no more than 10, 6, and 3 tons for lifting close 

to the body, 30 cm from the body, and 45 cm from the body, respectively, when all other 

conditions are ideal. 

 

Note: Retrieved from: https://2lift.com/lift-and-carry 

 

Figure 2.4 Danish low-risk load weight limit with respect to the load distance 

https://2lift.com/lift-and-carry
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The American Conference of Governmental Industrial Hygienists (ACGIH) Threshold 

Limit Values (TLV) for Lifting is another lifting assessment tool that was developed to control 

the risk of LBD during lifting activities (ACGIH 2007).  It provides safe weight limits for 

lifting (i.e., TLVs) based on several factors including horizontal lift location, vertical location, 

and lift frequency and duration.  The low-risk load weights (i.e., TLVs) are tabulated in three 

tables, each table represents different work intensity (i.e., low, moderate, and high).  Table 2.4 

shows the TLVs for the high frequency lifting jobs.  The external moment factors (i.e., weight 

and moment arm) represent a major component of this assessment method.  The method 

includes different horizontal distances of the load from the ankles (i.e., <30, >30-60, and >60-

80cm) and different vertical height of the load from the floor (i.e., floor-mid shin, mid-shin-

knuckle, knuckle-shoulder, and reach limit above shoulder).  To control the risk of LBD, 

specific lifting weights (i.e., TLV's) are recommended based on the evaluation of the above 

exposure factors (ACGIH 2007).  One can conclude from the ACGIH assessment method that 

the horizontal zone gets farther from the body, the TLV decreases.  Similarly, the lower the 

vertical height of the lift from the floor, the lower the recommended TLV.  In other words, the 

greater the external load moment, the higher the risk of LBD. 
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TABLE 2.4  

ACGIH TLVs FOR HIGH-FREQUENCY LIFTING TASKS 

Vertical Height 

of Hands 

Horizontal Distance of Hands from Body A 

Close: 

< 12 inches 

(<30 cm) 

Intermediate: 

12-24 inches 

(30-60 cm) 

Extended:B 

>25-32 inches 

(>60-80 cm) 

Reach Limit:C 25 lbs (11 kg) 

No known safe 

limit for repetitive 

lifting D 

No known safe 

limit for repetitive 

lifting D 

Shoulder Area: 

12” (30 cm) above 

to 3” (7.5 cm) 

below shoulder 

25 lbs (11 kg) 

No known safe 

limit for repetitive 

lifting D 

No known safe 

limit for repetitive 

lifting D 

Torso Area: 

Below shoulder to 

knuckle height E 

30 lbs (14 kg) 20 lbs (9 kg) 10 lbs (5 kg) 

Knee Area: 

Knuckle to middle 

of shin height E 

20 lbs (9 kg) 15 lbs (7 kg) 5 lbs (2 kg) 

Ankle Area: 

Middle of shin 

height to floor 

No known safe 

limit for repetitive 

lifting D 

No known safe 

limit for repetitive 

lifting D 

No known safe 

limit for repetitive 

lifting D 

A. Distance from midpoint between inner ankle bones and the load 
B. Lifting tasks should not start or end at the horizontal reach distance more than 32 

inches (80 cm) from the midpoint between the inner ankle bones (See Figure 6) 

C. Routine lifting tasks should not start or end at heights that are greater than 12 inches 

(30 cm) above the shoulder or more than 71 inches (178 cm) above floor level (see Figure 
2.1) 

D. Routine lifting tasks should not be performed for shaded table entries marked  “No 

known safe limit for repetitive lifting.” While the available evidence does not permit 
identification of safe weight limits in the shaded regions, professional judgment may be 

used to determine if infrequently lifts of light weight may be safe. 

E. Anatomical landmark for knuckle height assumes the worker is standing erect with 

arms hanging at the sides. 

Lavender et al. (2012) included 888 workers who perform MMH tasks in 50 different 

jobs from 21 distribution centers to develop physical exposure-based back injury risk 
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assessment models applicable to distribution center jobs.  Lavender et al. (2012) listed a 

number of variables (including external moment factors) that are believed to be used to identify 

the biomechanical exposure in distribution center MMH tasks.  The variables include the 

weight of the lift, horizontal reach distance, peak load moment over time, dynamic load 

moment, vertical heights at the beginning and the end of the lift, and asymmetry angle.  The 

first back injury risk assessment model developed was constructed by selecting the 

biomechanical variables that had significant univariate results including mean duration of the 

non-load exposure period, mean of the peak dynamic transverse plane load moments, and mean 

of the peak horizontal forces.  The model sensitivity and specificity were 87% and 73%, 

respectively. On the other hand, the second developed model was a Surrogate Model which 

includes two variables that could be assessed using common instrumentation (i.e., a scale and 

a tape measure).  The two variables are the mean duration of the non-load exposure period and 

mean of the peak static transverse plane load moments (i.e., the product of longest horizontal 

moment arm and peak load weight).  This two-variable model had a sensitivity of 60% and a 

specificity of 93%.  Lavender et al. (2012) concluded that the three variables selected in the 

multivariate model have strong biomechanical implications, in which the increase in horizontal 

reach distance (i.e., moment arm) and load weight increases the load moment.  Finally, it was 

shown that the load moment, as well as the resulted force application, are indicative factors for 

the risk of LBD (Lavender et al. 2012).   

Gallagher et al. (2017) introduced a new lifting assessment tool, the Lifting Fatigue 

Failure Tool (“LiFFT”), that determines the low back risk based on tissue fatigue failure 

principles.  External moment factors (i.e., moment arm and load weight) are included in this 

assessment method.  Moreover, cumulative low back loading associated with lifting tasks is 

estimated using three simple inputs, including load weight, maximum horizontal moment arm 

from the L5/S1 disc, and lift frequency.  The weight of the object multiplied by its horizontal 
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distance from spine represents the peak load moment.  Individual subtasks are categorized as 

low risk (i.e., risk of LBD less than 25%), moderate risk (i.e. risk of LBD between 25% and 

50%), or high risk (i.e. risk of LBD greater than 50%).  The authors validated the tool’s 

outcomes against two existing epidemiological databases, where the LiFFT cumulative damage 

measure explained 92% of the deviation with respect to LBD model in the database of lumbar 

motion monitor (LMM) (i.e., developed by Marras et al. (1995)) consisting of single-task jobs.  

Additionally, logistic regression models confirmed significant associations (R2 ranged from 

72% to 95%) between LiFFT cumulative damage measure and outcomes from an epidemiology 

study that involved multi-task jobs involving current LBD and LBD in the earlier year in an 

automotive manufacturer (Gallagher et al., 2017).  By and large, it can be concluded that the 

external moment (i.e., moment arm and load weight) and lift rate are significant factors in 

determining the risk of LBD.    

It can be concluded from the various discussed MMH assessment methods that external 

load moment is contained in several lifting assessment methods.  To clarify, factors such as 

moment arm (i.e., a factor of the horizontal and vertical location of the load from the worker 

and floor, respectively) and load weight are common in most of MMH assessment methods.  

Also, these factors (i.e., moment arm and load weight) significantly impact the low back 

moment.  Thus, it can be inferred that by controlling the above-mentioned external loading 

factors one can reduce the external moments, and ultimately, reduce the risk of LBD. 
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TABLE 2.5  

KEY FINDINGS FROM THE ERGONOMICS ASSESSMENT METHODS  

 

Author/Year  Purpose Population/Tasks Major Outcomes 
OR/RR/HR/PRR 

(CI.95) 
Risk Factors  

Arjmand et al. 
(2015) 

To verify whether 
the NIOSH Lift Equation 

(NLE) RWL generates L5-

S1 loads within the save 
limits 

A healthy male (52 

years old) performed 
50 systematic lifting 

tasks 

The NLE horizontal multiplier 

correctly modulated the hand 

load 

  

Horizontal and 

vertical positions of 
the load and load 

weight  

Lavender et 
al. (2012) 

To develop a methodology 

to assess back injury risk in 

distribution center jobs  

195 volunteers who 

worked in 50 different 
distribution 

center jobs 

A three-variable model 

(instrumentation model) and a 

tow-variable model (non-
instrumented model) that 

collectively differentiate the risk 

groups 

Forward bending 

moment arm OR=1.39 

(1.15-1.67) 

Lift horizontal 
distance, vertical 

height, duration, 

velocity, and load 
weight 

Gallagher et 

al. (2017) 

To develop a user-friendly 

lifting assessment method 
  

The LiFFT cumulative damage 
metric explained 92% of the 

deviation in low back disorders 

(LBDs) in the LMM database 
and 72-95% of the deviation in 

low back outcomes in the 

automotive database 

High-risk versus low- 
risk group from the 

LMM database OR = 

9.50 (CI: 4.78,19.18) 

Load horizontal 
distance from 

L5/S1, load weight, 

and lift frequency 

Waters et al. 
(1993) 

To explain the basis for 
biomechanical, 

physiological, and 

psychological risk factors 
that were used in the 

revised 1991 NIOSH 

equation and to describe the 
LI 

  

The revised NIOSH Lift 

Equation 1991 is more likely 

than the 1981 version to protect 
most workers. It could be used 

to identify possible ergonomics 

interventions  

  

Load horizontal 

distance from the 
spine, vertical 

height from the 

floor, load weight, 
and lift frequency, 

among others  
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TABLE 2.5 (continued) 

Author/Year Purpose Population/Tasks Major Outcomes 
OR/RR/HR/PRR 

(CI.95) 
Risk Factors 

Waters et al. 

(1999) 

To evaluate the 

revised 1991 NIOSH 

Lift Equation 

50 jobs were evaluated with 

NIOSH Lift Equation  

The lifting index is a 
useful tool to determine 

the risk of LBD from 

lifting jobs 

Exposed versus 

unexposed group OR = 

2.45 for 2.0<LI<3.0 

Horizontal distance of 

the load was the most 

significant predictor for 

LBD (lowest 

multiplier)  

ACGIH (2007) 

To provide low-risk 

lifting weights (i.e., 

TLVs) 

  

Safe TLVs to be lifted 

in different lifting 

conditions and durations   

  

Horizontal distance 
from the spine, vertical 

height from the floor, 

and lift frequency  

Ferguson, 
Marras, and Burr 

(2005) (Ohio 

BWC) 

To provide lifting 
guidelines for workers 

returning to work after 

OLBD 

123 subjects participated 

in the study 

Adherence the provided 

guidelines can minimize 

the risk of recurrent low 
back disorders due to 

occupational lifting 

  

Load weight, horizontal 
distance, height, 

asymmetry, and lift 

frequency 

Snook and 

Ciriello (1991) 

To provide revised 

manual material 

handling guidelines 
based on a large 

sample of subjects 

119 subjects (68 males, 51 
females) each participated in 

the experiment for, a 

minimum of ten weeks 

The provided tables to 

assist industries in the 

evaluation and 
design of MMH tasks, 

to reduce OLBD cases 

  

Load weight, horizontal 

distance, height, and 

frequency 
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TABLE 2.5 (continued) 

Author/Year Purpose Population/Tasks 
Major 

Outcomes 

OR/RR/HR/PRR 

(CI.95) 
Risk Factors 

WAC, RCW 34.05.325.6a, 

2000b (Washington Lifting 

Calculator) 

To identify the potential 

high-risk of OLBD 
      

Load weight, horizontal distance, 

height, asymmetry, lifting 

frequency, and duration  

Danish 

To provide optimal and low-
risk load weights for manual 

material handlers 
      

Load weight, horizontal distance, 
vertical height, lift frequency, body 

posture, load coupling 
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2.4.4 Regression models and low back moments 

Due to the significant impact of the increased low back moments upon the risk of LBD, 

several researchers developed regression models to predict these moments.  These models and 

the inputs required to estimate the low back loadings are discussed below.  Findings from the 

reviewed regression model studies are summarized in Table 2.6.    

A study was conducted to determine if regression equations can be developed to predict 

the dynamic L4/L5 disc compression during dynamic sagittal lifting in both laboratory and 

field settings as dynamic forces predicted through dynamic linked segment models (Potvin et 

al., 1992). Eighteen participants lifted loads ranged from 6 to 32 kg using a squat and a stoop 

lifting techniques.  Four independent measurable variables (inputs) were included in the 

regression model for the lab setting including participant body weight, peak hand force during 

the lift, and moment arm between the load and both the ankle and L4/L5 disc during lifting.  

On the other hand, the field model involved seven inputs including load weight, participant 

body weight and abdominal girth, trunk and pelvis angles, lift technique (i.e., stoop or squat), 

and moment arm between the load and ankle.  The lab and field models explained about 93 and 

90%, respectively, of the peak compression force variation resulted from the trials.  Potvin et 

al. (1992) explained that many ergonomists would use the compression forces on the lower 

back to predict the risk of low back injury.  Additionally, it was shown that the lower back 

compression force would increase as a consequence of the increase in the lower back external 

moment (Potvin et al., 1992).  Thus, one can conclude the significant impact of low back 

external moments upon the risk of LBD.  

Susnik and Gazvoda (1986) is a lifting experiment conducted to compute the loadings 

on the L5/S1 intervertebral disc during lifting from different horizontal distances between the 

L5/S1 and the load being lifted with different trunk inclination degrees. The authors agreed 

that low back moment as well as compression loadings are critical factors for determining the 
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risk of LBD in MMH jobs. Thus, they developed four regression equations to statically estimate 

the low back muscle moment and compression forces.  Two equations are to determine low 

back moments and forces for lifting tasks with short moment arms.  The other two equations 

are to determine moments and forces for tasks with long moment arms. The independent 

variables used in these regression equations included the moment arm, load weight, upper 

extremity weight above the fulcrum in the hip or 65% of the body weight (for the moment 

equation), body segments weight above the fulcrum in L5/S1, or 61% of body weight (for 

compression force equation) and forward sagittal flexion degrees (Susnik & Gazvoda, 1986).  

The authors demonstrated that the low back moment regression equations explained about 92% 

and 83% of the variation in the predicted moments for the lifting tasks with short and long 

moment arms, respectively.  The low back compression forces equations explained about 92% 

and 95% of the variation in the predicted forces for the lifting tasks with short and long moment 

arms, respectively (Susnik & Gazvoda, 1986).  Moreover, it was shown that the load weight, 

load horizontal distance from the worker, and the trunk inclination degrees during lifting are 

lifting risk factors.  Finally, Susnik and Gazvoda demonstrated that the higher the magnitude 

of the above-mentioned lifting factors the higher the external low back loadings and 

compression forces. 

de Looze, Kingma, Thunnissen, van Wijk, and Toussaint (1994) demonstrated the need 

to accurately determine the peak L5/S1 moments to minimize LBD risks in manual material 

handling jobs.  Thus, they compared the L5/S1 peak moments obtained by Static Strength 

Perdition Model (SSPM) and a more complex dynamic model to validate the SSPM in various 

lifting conditions.  Three lifting techniques (stoop, squat, semi-squat) and three lifting speeds 

(slow, normal, fast) were included in the evaluation.  Results from de Looze et al. (1994) 

showed that semi-squat lifting technique (flexion of both the back and knee) resulted in higher 

peak lumbar moments during three lifting speeds as compared with stoop and squat lifting 
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when were estimated  using the static strength prediction moment (SSPM).  However, the effect 

of lifting technique upon the peak lumbar moment was not statistically significant (de Looze 

et al., 1994).  The results revealed statistical significance of lifting speed and applied 

mechanical model on the peak moment values.  Peak L5/S1 moment values were significantly 

lower when obtained by the SSPM model as compared to the dynamic model.  The authors 

explained that ignoring the inertial force in the SSPM model might be the reason behind peak 

L5/S1 moment underestimation.  Similarly, significantly higher peak moments were observed 

at fast lifting speed as compared to low and normal speeds.  Additionally, it was shown that 

there is a significant interaction effect of the biomechanical applied and lifting speed, in which 

it was found that the peak L5/S1 moments obtained by the SSPM model were on average 9%, 

21%, and 42% lower than those obtained by the dynamic model at low, normal, and fast lifting 

speeds, respectively (de Looze et al., 1994).  Therefore, it can be concluded that dynamic 

models result in more reliable lumbar stress evaluation as compared with the static models such 

as SSPM, especially at normal and fast lifting speeds.  However, due to the complexity of 

dynamic models, especially when applying them in different occupational settings, the authors 

suggested using the semi-dynamic model that might include measurements of external forces 

on feet or hands and, thus, reduce the gap between peak moment obtained from the static and 

full dynamic models (de Looze et al., 1994).  Finally, it was clearly shown that low back 

moment is a major risk factor of LBD and to effectively reduce the risk of LBD, one must 

minimize this moment.   

McGill and Norman (1985) established the importance of carefully estimating the low 

back moments to determine the risk of low back injury. Thus, it was of their interest to 

examining the difference between lumbar moments calculated based on either static or dynamic 

models during manual material handling.  Four young males performed a lifting job in a metal 

fabrication industry.  Using a six-linked-segment model, the lumbar moments were determined 
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dynamically and statically.  The included body segments were load/hand, forearm, upper arm, 

head/neck, thorax, and pelvis.  Segment linear and angular accelerations were used to 

dynamically determine segment reaction forces and net moments.  On the other hand, joint 

reaction and net moments were statically determined frame by frame while neglecting the 

acceleration of the load and body segments.  The results showed that peak L4/L5 moments 

resulted from the dynamic model were 19% on average higher when compared with the 

moments resulting from the static model (McGill & Norman, 1985).  Moreover, the authors 

incorporated both load inertial force and weight into the static model.  It was shown that the 

L4/L5 moments resulted from the quasi-dynamic model were about 25% higher than those 

resulted from the dynamic model.  Therefore, and due to the significance of lumbar moments 

upon the risk of LBD, the authors suggested the use of a quasi-dynamic model to calculate the 

peak lumbar moments during dynamic lifting and, thus, conservatively assess the risk of LBD 

in a given lifting job.  

A study by Lavender, Andersson, Schipplein, and Fuentes (2003) was conducted to 

examine the impact of lifting height, load weight, and lifting speed upon the dynamic bending 

moments.  A secondary objective was to develop a model to predict the peak bending moment 

as a function of lifting height, load weight, and lifting speed.  Ten participants were required 

to sagittally lift four different loads (20, 100, 200, and 300 N) from three different heights 

(floor, knee, and knuckle level) at two different lifting speeds (normal and fast).  The lifting 

box was transferred to a shelf at the elbow height. The moment arm between the participant 

ankles and the center of the load was fixed at 47 m.  Lavender et al. (2003) demonstrated that 

the peak dynamic bending moments increased when lifting heavier loads, from lower lifting 

heights, and at faster lifting speed.  Furthermore, the interaction effect of the above three factors 

impacted the bending moments.  Therefore, a dynamic model was developed to predict the 

peak bending moments.  The authors described that the proposed regression model can be used 
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to validate the adequacy of the available lifting guidelines such as NIOSH Lifting Equation 

guidelines for lifting.  Lavender et al. (2003) showed that the NIOSH Lifting Equation 

guidelines underestimate the spinal loading when lifting from lower heights.  They further 

explained that the NIOSH Lifting Equation model does not fully explain the gradual 

biomechanical loading when lifting loads at or below knee level.  
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TABLE 2.6 

 KEY FINDINGS FROM THE REGRESSION MODELS AND LOW BACK MOMENTS 

Author/Year  Purpose Population/Tasks Major Outcomes Risk Factors  

Potvin et al. 

(1992) 

To determine if regression 
equations can be developed to 

predict the dynamic L4/L5 disc 

compression as determined 
through the dynamic linked 

segment models 

18 participants lifted loads 

ranged from 6 kg to 32 kg 

using a squat and a stoop 
lifting techniques 

The lab and field models explained 

about 93% and 90%, respectively, of 

the peak compression force variation 
resulted from the trials 

Horizontal distance, 

load weight, worker's 
body weight, torso and 

pelvis angles, lift 

technique 

Susnik and 
Gazvoda 

(1986)  

To develop regression equations to 

statically estimate the low back 
muscle moment and compression 

force while lifting from two 

horizontal distances 

29 participants (14 lifted from 

a short horizontal distance and 

15 from a long horizontal 
distance) 

The farther the lifting object from the 

worker and the greater the torso 
inclination degrees during lifting, the 

higher the external low back loading as 

well as compression force 

Horizontal distance, 

load weight, upper 

extremity weight, torso 
flexion angle 

de Looze et al. 
(1994) 

To compare the L5/S1 peak 
moments obtained by Static 

Strength Perdition Model (SSPM) 

and a more complex dynamic 
model 

5 males lowered and lifted a 

load of 11 kg using three lifting 
techniques at three lifting 

speeds 

Peak L5/S1 moment values were 

significantly lower when obtained by 
the SSPM model as compared to the 

dynamic model 

Lifting technique and 
speed 

McGill and 

Norman (1985) 

To determine the difference 

between lumbar moments 

calculated based on either a static 
or a dynamic model during MMH 

activities  

4 males performed lifting tasks 

in a metal fabrication industry 

Including the load inertial force and 

weight into the static model estimated 

25% higher L4/L5 moments as 

compared with the dynamic model 

Load weight and 

inertial forces  

Lavender et al. 
(2003) 

To evaluate the impact of lifting 

height, load weight, and lifting 
speed upon the dynamic bending 

moments 

10 participants sagittally lifted 

4 different loads, from 3 
different heights, and at 2 

different lifting speeds 

Bending moments are more sensitive to 
the vertical height of the lift. The 

developed model showed that NIOSH 

equation underestimated spinal 

loadings at lower lifting heights 

Load weight, vertical 
height, and lift speed  
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2.5 Moment Arm Measurement Approaches 

There are several approaches that were used or could be used to measure the moment 

arm distance during dynamic lifting. Examples of these approaches include the conventional 

tape measure, acoustic systems, magnetic systems, marker-based capturing systems, and video-

based analysis systems.  Description and limitations of the above-mentioned moment arm 

measurement approaches are discussed below.   

2.5.1 Conventional Tape Measure 

Several studies that assessed MMH tasks by measuring the horizontal moment arm 

distance of those tasks utilized a tape measure to measure the moment arm (Allread et al., 2000; 

Davis & Anés, 2014; Davis & Marras, 2000; Gallagher et al., 2017; Jorgensen et al., 2004; 

Lavender et al., 2012; Marras et al., 1993; Potvin et al., 1992; Waters et al., 1993).  It was 

demonstrated that a tape measure could be used to manually measure the moment arm to assess 

cyclic lifting tasks with a limited variation in lifting conditions such as lift height, horizontal 

distance, and lift speed (Marras et al., 2010).  Such cyclic lifting tasks would enable the rater 

to easily track the worker’s exertions and manually measure the moment arm.  However, 

Marras’s colleagues stated that it is difficult to use the same approach (i.e., tape measure) to 

determine the moment arm of lifting tasks with high variation of the previously mentioned 

lifting conditions.  Also, in various workplaces, practitioners may not get the chance to 

manually measure the moment arm distance due to obstructions around the lifter or simply not 

to get in the way of the lifter during lifting.   

It was shown that using a tape measure to determine the moment arm resulted in a mean 

absolute error of about 11 cm (SD = 5.8 cm) when compared with the accuracy of the 

ultrasound instrumentation used in the moment exposure tracking system (METS) (Marras et 

al., 2010).  Another study compared the average moment arm measurements manually 

measured by eight raters as compared with moment arms measured by two experts in the 
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NIOSH Lifting Equation (Dempsey et al., 2001).  The study recruited a participant to perform 

five different lifting and lowering tasks.  Dempsey’s team showed a significant difference 

between the raters’ moment arm measurements and the reference measurements at the origin 

during sagittal lifting/lowering and palletizing tasks.  The authors also demonstrated that errors 

in moment arm measurements can have the largest effect on the LI.  The resulting LI for one 

of the assessed tasks was 1.6 (i.e., moderate OLBD risk category) when using the reference 

manual moment arm measurement (66 cm) as an input into NIOSH Lift Equation, while the 

resulting LI was 0.9 (i.e., low OLBD risk category) when using the mean moment arms manual 

measured by the trained raters (50.6 cm, SD = 18.2 cm).  Another study showed that a 10 cm 

measurement error of the horizontal location could lead to a maximum error of about 30% in 

the NIOSH Lifting Equation recommended weight limit (RWL) (Waters, Baron, & Kemmlert, 

1998).  Consequently, this error may over or underestimate the LI which is calculated for a 

given lifting task as the weight of the load being lifted.  Thus, one can conclude that the manual 

tape measurement approach could result in a considerable moment arm measurement 

variability, and the OLBD risk could be overestimated or underestimated if manually measured 

moment arms were used as inputs into the various lifting assessment tools to assess lifting jobs.     

2.5.2 Acoustic Systems 

Acoustic systems are used to determine positions based on the detection of high-

frequency sound waves.  These systems use the feature of time of flight (ToF) of sound waves 

signals traveling at a speed through the air to determine the distance between the transmitter 

(used to generate ultrasound signals) and the ultrasound receiver (Welch & Foxlin, 2002).  

Marras et al. (2010) developed a system that measured the moment arm distance during lifting 

based on ultrasound technology.  Ultrasound transmitters were attached to the participant’s 

hands to serve as indicators of the load location, and ultrasound receivers were mounted on the 

frame of a wearable backpack that contained the data acquisition system, accelerometers, and 
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a wearable computer. Marras’s team reported moment arm measurement accuracy of 3.8 cm 

and R2 of 0.98 when compared to a magnetic motion capturing system.  This measuring 

approach is limited to signal path that should be free from any blockage.  If an object appeared 

between the hip and the hand during lifting/lowering, the system would not provide correct 

moment arm measurement.  Also, measuring distance using acoustic systems could be affected 

by the reflection of multipath sound waves signals (Welch & Foxlin, 2002).  The authors 

explained that the signal received is often a mixture of the direct path signal and one or more 

signals reflected from longer path lengths.  They further explained that surrounding objects in 

a room are extremely reflective of acoustic signals which may considerably and unpredictably 

impact the amplitude and phase of the signal received from a wave acoustic emitter with 

different positions of the receiver (Welch & Foxlin, 2002).    

2.5.3 Magnetic Systems 

Electromagnetic tracking is based on the orthogonal orientation of the magnetic sensors 

in a single sensors unit which can provide a unit position and orientation with respect to the 

excitation (Raab, Blood, Steiner, & Jones, 1979).  The electromagnetic tracking system can 

have an active alternating current (AC) or static direct current (DC) source (Meyer, 

Applewhite, & Biocca, 1992).  Marras et al. (2010) utilized a magnetic tracking device as a 

reference measure of moment arm distance during lifting.  Several studies demonstrated that 

tracking position using magnetic tracking technology suffers distortion arising from the 

surrounding metallic structures or other conductive materials (Kindratenko, 2000; Marras et 

al., 2010; Welch & Foxlin, 2002), which could provide incorrect moment arm measurements.  

Thus, even though measuring the moment arm distance during lifting may be feasible in 

laboratory environments, may not be valid in workplaces.  
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2.5.4   Marker-Based Motion Capturing Systems 

Marker-based motion capturing systems such as VICON, Motion Analysis, and 

Optotrak utilize a set of digital cameras that track adhesive reflective markers attached on 

different body parts to pick these locations up in three-dimensional space.  Previous research 

used a marker-based motion tracking system to accurately measure the moment arm (Faber et 

al., 2009; Ning et al., 2014; Plamondon et al., 2014).  However, these motion tracking systems 

are costly, require long setup time (i.e., for markers placement and system calibration), and are 

difficult to transfer (i.e., designed for lab settings) to field settings.  

2.5.5   Video-Based Motion Analysis Systems 

Previous research has examined the validity and reliability of video-based analysis 

methods for ergonomics and rehabilitation assessments.  Mier (2011) assessed the accuracy of 

video analysis software (DartfishTM) in measuring body joint angles.  A plastic goniometer was 

fixed at three different angles including 30°, 90°, and 150°.  A video camera was set up at 

different conditions to record the goniometer’s different angles.  These conditions included 

camera lens heights with respect to the goniometer fulcrum (i.e., same level, 20 cm above, and 

20 cm below) and horizontal distances between lens and goniometer (i.e., 250 cm and 350 cm). 

Mier (2011) demonstrated high accuracy of the video-based analysis with a maximum error of 

5% (1.5º difference between the two measurements) observed at the 30º angle condition.  Also, 

different lens heights or horizontal distances did not result in an error bias (Mier, 2011). 

Robinson, O'Connor, Shirley, and Mac Millan (1993) assessed the repeatability of the 

range of motion (ROM) and the associated velocity measurements for three segments of the 

spine of patients with chronic low back pain.  Robinson’s colleague utilized a two-dimensional 

video-based motion analysis system (SPINETRAKTM) to derive these measurements.  The 

authors demonstrated that both the ROM as well as velocity measures were highly repeatable.  
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ROM intraclass correlations coefficients ranged from 0.77 to 0.96, and the velocity intraclass 

correlations ranged from 0.75 to 0.97. 

Another study utilized Silicon Coach motion analysis to investigate the static and 

dynamic ROM of the knee joint test-retest reliability (Cronin, Nash, & Whatman, 2006).  

Results showed that the intraclass correlation coefficients (ICC) for the static and dynamic 

ROM were 0.91 and 0.89, respectively (Cronin et al., 2006). 

Xu, Chang, Faber, Kingma, and Dennerlein (2011) assessed various lifting tasks in a 

laboratory setting.  The tasks were recorded using a camcorder (located 90° to the right side of 

the participant) and a synchronized motion tracking system with ten cameras.  Lifting variables 

included three lifting heights (floor to knuckle height, floor to shoulder height, and knuckle 

height to shoulder height), asymmetric angles (30° and 60° to the right, and 0°). The measured 

variables included angles of shank, thigh, upper arm, forearm, and trunk sagittal angles.  

Measures of trunk rotational angle and trunk lateral bending angle were also included.  Motion 

AnalysisTM system was used as a gold standard to validate body segment angles measured using 

the video-based observational method.  Additionally, to investigate the reliability of the 

customized software for video-based observational method ten raters watched and analyzed the 

video clips and measured the body segment angles.  The trunk lateral bending angle was the 

only variable associated with poor correlation (r = 0.21) and intraclass correlation coefficient 

(ICC = 0.05) (Xu et al., 2011).  However, all other estimated body segment angles showed a 

strong correlation (r > .8), and the intraclass correlation coefficient was greater than 0.75 (Xu 

et al., 2011).  

Coenen et al. (2011) assessed two variants of video-based assessment methods against 

a gold standard motion capturing method for the assessment of low back moments during 

occupational lifting tasks.  Ten participants lifted a 15 kg box from a shelf that was positioned 
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at two horizontal distances, three vertical heights, and two different angles with respect to the 

initial position (symmetric and asymmetric lifting).  For the assessment of body kinematics 

during lifting using the video-based analysis, a quasi-three-dimensional manikin with nine 

segments was fitted to the corresponding frame pictures.  The body segments included right 

foot, lower leg and upper leg; pelvis, trunk/head, upper arms, forearms/hands.  This manikin 

allows for determining extension and flexion angles of ankle, knee, hip, trunk, elbow, and 

shoulder (Coenen et al., 2011).  Additionally, the manikin allowed for determining trunk 

rotation, trunk lateral flexion, shoulder abduction angles.  Upper body accelerations were 

determined using angles of the foot, ankle, knee, and hip.  Using total body mass and stature 

each body segment length, mass, position of the center of mass and inertia tensor were 

calculated based on regression equations developed by Zatsiorsky and Zaciorskij (2002). 

Coenen et al. (2011) explained that the first video-based method used a drawing manikin (i.e., 

skeleton) that could be fitted by adjusting the joint angles (video analysis method 1).   

Additionally, the second video-based method used the joint positions that were determined by 

clicking on the video frame after scaling, translation, and axial rotation of the manikin to obtain 

the joint angles of all segments.  Videos were recorded using a camera with its line of sight 

orthogonal to the sagittal plane of the participant’s initial lifting posture in the symmetrical 

lifting conditions.  Kinematics of the load, forearms (and hands), upper arms, trunk (and head) 

and pelvis were measured using video-based analysis method and the gold standard reference 

system (Coenen et al., 2011). Total moments acting upon the L5/S1 disc during all lifting 

conditions in all methods were estimated through a top-down model using external forces (mass 

and acceleration of the box) as well as kinematics and anthropometrics of each segment using 

a global equation of motion by described by (Hof, 1992).  It was demonstrated the total peak 

and mean moments estimated using data obtained from the two versions of the video-based 

method were not significantly different than the reference method (p > 0.05) in most lifting 
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conditions.  Finally, mean and peak moments errors were smaller in asymmetric conditions 

compared to symmetric conditions (Coenen et al., 2011). 

A later field study by Coenen, Kingma, Boot, Bongers, and van Dieën (2013) was 

conducted to assess the inter-rater reliability of video-based analysis that was previously 

evaluated in the laboratory settings for its validity (Coenen et al., 2011) and inter-rater 

reliability (Xu et al., 2011).  The study involved video recordings of manual material handling 

tasks selected from two cohort studies (Ariëns et al., 2001; Hoogendoorn et al., 2000).  The 

tasks were recorded with the camera line of sight perpendicular to the sagittal plane view as 

much as possible.  Hands external forces were measured using force transducers (for pushing 

and pulling tasks) or weighing scales (for lifting tasks) to measure the mass of the external 

load. Coenen et al. (2013) performed a top-down inverse dynamics calculation using hand 

forces, segment kinematics (obtained from the video-based software) and anthropometrics to 

estimate the L5/S1 joint dynamic moment (using segment acceleration), static moment (using 

gravitational forces on upper extremities and external forces at the hands) and total moments 

(static plus dynamic moments).  Coenen et al. (2013) demonstrated excellent ICC’s for the 

overall peak (ICC = 0.92) and mean (ICC = 0.91) L5/S1 moments.  However, it was shown 

that inter-rater reliability for the peak and mean dynamic low back moments was lower (ICC 

= 0.69 and 0.70, respectively) than the peak and mean static moments (ICC = 0.93 and 0.91, 

respectively).  The authors attributed the relatively low inter-rater reliability in dynamic 

moments to the random errors in fitting the manikin into the worker’s body which could 

significantly magnify the errors due to double differentiation of position and angle data. 

It can be concluded that using a tape measure to manually measure the moment arm 

during lifting may not provide accurate measurements if used in workplaces with high variation 

in lifting conditions.  Other moment arm measurement approaches such as acoustic and 

magnetic systems may not be feasible to use in workplaces, for it has been shown that the 
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position data obtained through these approaches can be influenced by the surrounding objects, 

and thus, inaccurately determine the moment arms.  Using the inaccurate measurements of the 

moment arm as input into the various lifting assessment methods to assess lifting jobs could 

over or underestimate the risk of OLBD.  Marker-based motion capturing systems could be 

used to accurately measure the moment arms, however, these systems are expensive and not 

easy to use.  Video-based analysis software approach has been utilized to measure the moment 

arms during lifting, however, no effort was made to examine the accuracy of the measured 

moment arms with respect to different lifting factors including vertical heights from the floor, 

horizontal distances from the body, or various torso twisting angles. 

2.6 Conclusion 

Occupational low back disorders (OLBDs) continue to affect workers who perform 

MMH activities.  A large portion of OLBDs is due to industrial lifting activities, where the 

external moment about the low back during lifting was shown to be the most consistent risk 

factor for OLBD.   

There is epidemiological evidence to associate external moment loading with the risk 

of OLBD.  Three main factors were shown to increase the risk of OLBD by increasing the 

external load moment.  These factors include the horizontal position of the load from the body, 

the vertical height of the load from the floor, and load weight.  Also, it was demonstrated that 

the external load moment resulted in the highest odds ratio of OLBD cases.  Thus, one can 

conclude that external load moment is a significant factor associated with the risk of OLBD.  

Similarly, the reviewed biomechanical studies demonstrated several risk factors that 

influence the low back moment.  Among these factors are load horizontal distance from the 

L5/S1, vertical height from the floor, load weight, and asymmetric lifting.  Moreover, it has 

been shown that lifting heavy loads farther from the body and/or from a lower vertical height 
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would increase the spinal moments, compression, and shear forces.  The forces would further 

increase in the case of asymmetric lifting.  

It was also shown that the factor of external load moment is used in several lifting 

assessment methods such as NIOSH Lift Equation, ACGIH TLV, and LiFFT, among others.  

Moreover, it was shown that the moment arm (i.e., a factor of the horizontal and vertical 

location of the load) and load weight significantly impact the low back moment, and ultimately, 

the risk of LBD.  Thus, it can be concluded that by controlling external moment factors one 

can eliminate or reduce the risk of LBD. 

Studies that developed regression models to predict low back loadings showed the 

importance of quantifying the low back loadings to control the risk of LBD.  Common 

independent variables in the developed regression models included the horizontal distance 

between the load and the worker’s body, load weight, lifting techniques, worker’s body weight, 

and lift speed.  Also, it was shown that dynamic models result in more reliable lumbar stress 

evaluation as compared with the static models, especially at normal and fast lifting speeds. 

It was shown that it is difficult to manually measure the moment arms in workplaces 

due to space restrictions around the lifter or variability in lifting conditions.  Also, it was 

demonstrated that manually measured moment arms were associated with high variability that 

influenced the OLBD risk assessment.  Additionally, it was demonstrated that measurements 

of moment arm using magnetic tracking technology may suffer distortion arising from the 

surrounding metallic structures or other conductive materials, which could provide incorrect 

moment arm measurements, and ultimately, inaccurate OLBD risk assessment.  Also, it was 

shown that marker-based motion capturing systems could be used to accurately measure the 

moment arms, however, these systems are expensive and not easy to use (e.g., require long 

setup time).   
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Finally, it can be concluded that there is a need for a moment arm measurement system 

that is accurate, reliable, easy to use, and cost-effective.  Having such a system would enable 

the practitioners to more efficiently and accurately measure the moment arms to assess the risk 

of OLBD in lifting jobs using the various assessment methods.  
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CHAPTER 3 

MANUAL MOMENT ARM MEASUREMENTS 

3.1 Introduction 

Occupational low back disorders (OLBDs) such as lumbar degenerative disc, herniated 

disc, muscle strain, and ligament sprain, among others, have been a costly issue due to the 

impact on workers’ health, productivity, and absenteeism, among others.  Direct medical 

expenses of low back disorder (LBD) in the United States has been estimated to cost between 

$12.2 to $90.6 billion annually (Dagenais et al., 2008).  The annual cost of total productive 

time lost due to OLBDs in the United States workforce was estimated to be about $19.8 billion 

(Stewart et al., 2003).  Numerous studies estimated that lifting and manual material handling 

(MMH) jobs account for between 50% and 75% of overall back injuries (Bigos et al., 1986; 

Snook, 1989; Spengler et al., 1986). 

It has been demonstrated that most of the forces acting on the L5/S1 disc are due to 

forces generated by the muscles to counteract the loading from the increased external load 

moment (Marras et al., 1995).  Several studies have demonstrated the association between the 

risk of LBD and low back moments (Davis & Marras, 2005; Lavender et al., 2012; Marras et 

al., 2009; Norman et al., 1998).  The external low back moment is the combination of  the load 

weight and the horizontal distance between the load and the lifter (Gallagher et al., 2017; 

Jorgensen et al., 2004; Marras, 1995; Marras et al., 1995; Marras et al., 1993; Potvin et al., 

1992) (see Figure 3.1).  Numerous lifting assessment tools have been developed to assess and 

control the risk factors that expose workers to OLBDs in lifting jobs.  Some assessment tools 

include the revised 1991 National Institute for Occupational Safety and Health (NIOSH) 

Lifting Equation (Waters et al., 1993); the American Conference of Governmental Industrial 

Hygienists (ACGIH) Threshold Limit Values (TLVs) for Lifting (ACGIH, 2007); and the 

Lifting Fatigue Failure (LiFFT) (Gallagher et al., 2017); among others.  Almost all existing 
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assessment tools assess some aspect of the external moment, such as the distance between the 

load and the body (i.e., moment arm) and the load weight as LBD risk factors. 

 

Figure 3.1 The external moment 

Given the impact of the external low back moments upon the risk of low back pain, it’s 

critical to accurately measure the horizontal distance between the body and the load lifted (i.e., 

moment arm) to be able to assess the OLBD risk in lifting tasks.  Previous researchers manually 

measured the moment arm using a tape measure (Allread et al., 2000; Davis & Anés, 2014; 

Davis & Marras, 2000; Gallagher et al., 2017; Jorgensen et al., 2004; Lavender et al., 2012; 

Marras et al., 1993; Potvin et al., 1992; Waters et al., 1993).  However, it was demonstrated 

that it is difficult to manually measure the moment arm, especially for high-speed lifting tasks 

with  a high variation in lifting conditions such as lift height and horizontal distance (Marras et 

al., 2010).  Also, it was shown that using a tape measure to determine the moment arm resulted 

in a mean absolute error of 10.9 cm (SD = 5.8 cm) when compared with the accuracy of the 

magnetic instrumentation used in the moment exposure tracking system (METS) (Marras et 

al., 2010).  Waters et al. (1998) demonstrated that a 10 cm measurement error of the horizontal 

location could lead to a maximum error of about 30% in the estimated NIOSH recommended 

weight limit (RWL), which would overestimate or underestimate the true OLBD risk. 
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There were two main objectives of the current study.  First, to evaluate the accuracy of 

the manual moment arm measurements compared to moment arms measured via a 15-camera 

motion capturing system (i.e., Motion Analysis).  Second, to assess the influence of moment 

arm measurements measured manually and from a motion capturing system (considered as the 

gold standard) on the assessment of the risk of low back injury using the NIOSH Lifting 

Equation assessment (Waters et al., 1993) and LiFFT (Gallagher et al., 2017) risk assessment 

methods.  

3.2 Methods 

3.2.1 Approach 

In this part of the study, five trained raters measured the moment arm manually during 

various lifting tasks using a tape measure while the moment arms were simultaneously 

determined using a motion capturing system approach.  The accuracy of the manual moment 

arm measurements was evaluated using the moment arms quantified from the motion capturing 

system.   

3.2.2 Participants 

A male college student (age = 31 years; body mass = 72 kg; stature = 171 cm) was 

recruited to voluntarily perform the lifting tasks.  The participant was free from any previous 

back, shoulder, elbow, wrist, lower extremity surgery, or injury to the shoulder or low back 

within the last six months.  Another five male college students (mean (SD) age = 27.60 (2.98) 

years old) were trained on how to measure the moment arm distance during lifting using a tape 

measure.  Those participants were free from any previous back, shoulder, elbow, wrist, lower 

extremity surgery, or injury to the shoulder or low back within the last six months.  The manual 

measurement training session was performed by an ergonomist with more than 25 years of 

experience in different ergonomic assessment methods and measuring moment arms for 

different assessment methods.     
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3.2.3 Apparatus 

A tape measure was utilized to manually measure the moment arm distance during 

various lifting conditions.  A 15-camera motion capturing system (Motion AnalysisTM) was 

utilized to capture the lifting motions.  Adhesive reflective markers were placed on various 

body locations utilizing adhesive tape.  Reflective markers were placed on the third metacarpal-

phalangeal joint (knuckle) of the hand (right and left), iliac crest (right and left), and ankle 

(right and left) (see Figure 3.2).  These reflective markers are necessary for the motion capture 

system to pick these locations up in three-dimensional space with a sampling rate of 100 Hz.  

Reflective markers positions in the three-dimensional space were post-processed using 

CortexTM Software (version 7.5.3) installed on another computer in the Human Biomechanics 

Design lab.  A survey of various lifting and lowering tasks in industry showed that the 50th 

percentile of the lifting load weights was 9.5 kg (Dempsey, 2003).  Thus, the current study 

utilized a container (40.1 x 26.2 x 17.8 cm), weighting 9.5 kg that was lifted from the origin of 

the lift to a common destination.  A height-adjustable table was utilized as the origin of the lift, 

and another height-adjustable table was utilized as the lift destination fixed at one location in 

front of the participant.  A weight scale and a vertical stadiometer were used to measure the 

lifter’s body mass and stature, respectively, a tape measure and a protractor were utilized to 

determine the lift origin locations horizontally and asymmetrically, respectively, with respect 

to the mid-point between the performer’s inner ankles, and tape was utilized to draw lines on 

the floor to mark the locations of the lift destination and various lift origins. 
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Figure 3.2 Reflective marker placement for the manual measurement study 

3.2.4 Study design 

Figure 3.3 illustrates the experimental setup of the various lift origin locations 

(asymmetrically and horizontally) and the common lift destination.  A height-adjustable table 

was utilized as the origin of the lift that was adjusted to two vertical heights in which the 

container handles were set at the lifter’s knee height (i.e., low height = 50 cm above the floor) 

and his waist height (i.e., high height = 94 cm above the floor).  The selected low and high 

lifting heights represented the mid-shin to knuckle and knuckle to below shoulder vertical 

zones, respectively, as described in the lifting assessment tool by ACGIH (2007).  A survey of 

various lifting and lowering tasks showed that the 50th and 90th percentiles of the vertical 

lifting heights are 76.2 cm and 104.1 cm, respectively (Dempsey, 2003).   

The origin of the lift was positioned at two different horizontal distances from the mid-

point between the participant’s ankles, including 50 cm (close) and 70 cm (far).  The selected 
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horizontal distances represented the intermediate and extended lifting horizontal zones in the 

ACGIH Threshold Limit Values (TLVs) tables.  The origin of the lift was located at three 

different torso asymmetry angles away from the sagittal plane.  Dempsey (2003) demonstrated 

that the 90th percentile of lifting tasks occurs within torso asymmetry of 45° away from the 

sagittal plane.  The torso asymmetry angles examined in the current study included 30° and 60° 

to the right as well as 0° (i.e., sagittal symmetric lifting).  One destination location was 

positioned in front of the participant, where the container handles were set at the participant’s 

waist height (i.e., 94 cm). 

 

Figure 3.3 Experimental setup 

3.2.5 Procedures 

Upon arrival to the lab, the study procedures and objectives were explained to the 

participants (the one who performed the lifting and those who manually measured the moment 

arm distance).  The participants were then asked to review and sign an informed consent form 

approved by the Wichita State University Institutional Review Board for Human Subjects 

Research.  Demographics (age) and anthropometry data (i.e., body mass and stature) were then 

collected from the lifter.  For raters who measured the moment arms manually, demographic 
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information including age and gender were recorded.  Reflective markers were then attached 

to different lifter’s body parts, including the iliac crest (right and left), third metacarpal-

phalangeal joint in hand (right and left), and ankle (right and left).  Next, the participant 

randomly performed various lifting tasks, as listed in Table 3.1.  

TABLE 3.1 

LIFTING CONDITIONS 

Lifting Conditions Vertical Zone Horizontal Zone Torso Asymmetry (deg) 

1 Waist Far 60 

2 Waist Close 60 

3 Knee Far 60 

4 Knee Close 60 

5 Waist Far 30 

6 Waist Close 30 

7 Knee Far 30 

8 Knee Close 30 

9 Waist Far 0 

10 Waist Close 0 

11 Knee Far 0 

12 Knee Close 0 

To simulate lifting tasks performed in the workplaces, no instructions on the lifter’s feet 

positions nor specific lifting styles were given to the lifter.  An automatic alarm generator 

software installed on a computer was used to control the lift rate.  The software was set to 

generate a tone every 30 seconds, which represents a lift rate of two lifts per minute.  The lifter 

was instructed to start the lift each time the tone sounded.  A participant measured the moment 

arm distance between the lifter’s iliac crest and the 3rd knuckle on the hand using a tape measure 

(see Figure 3.4).  A research assistant recorded the moment arm measurements that were 

spoken out by the participants who were performing the manual measurements.  

Simultaneously, the motion capturing system recorded each lifting trial to determine the 

horizontal distance between the lifter's iliac crest location and the 3rd knuckle on the hand at 

the instant the lifter’s hands touched the box to lift it (lift origin moment arm) as well as the 

instant the lifter placed the box on the destination table (lift destination moment arm).  The 

researcher started the motion capture data collection when the lifter’s hands touched the box to 
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lift it, and recording was ended at the time the lifter placed the box on the destination table.  

The lifter performed two repetitions of each lifting condition.  Therefore, the lifter performed 

a total of 24 lifts in the experimental session (two lift origin horizontal distances x two lift 

origin vertical heights x three lift origin asymmetric angles x two repetitions for each lifting 

condition).  A research assistant returned the box to its origin location after each lift was 

completed. 

 

Figure 3.4 A participant measuring the moment arm manually at the lift origin 

3.2.6 Experimental Design 

The experimental design was a three-factor repeated measures design.  The independent 

variables included the vertical lifting height (knee and waist), the horizontal lifting origin 

distance (close and far), and torso asymmetry (30° and 60° to the right and 0°).  The dependent 

variable was the difference between the motion capturing system and manually measured 

moment arms distances (in centimeters). 

3.2.7 Data Analysis 

Data collected from the motion capturing system were retrieved and analyzed using 

CortexTM software.  The mean and standard deviation of the moment arm distance measured 

for the two trials via CortexTM software as well as manually measured by each participant, were 

calculated for the different lifting conditions.  The metric of average absolute error (AAE) was 
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used to examine the accuracy of the moment arms obtained through the tape measure as 

compared with the motion capturing system.   

Since the NIOSH Lifting Equation instructs assessment of the LI at the origin of the 

lift, mean manually measured moment arms and the motion capturing system moment arms 

(from the two trials per lift condition) at the lift origin were used to calculate the NIOSH Lifting 

Equation horizontal multiplier (HM) (Waters et al., 1993).  The HM was used with the other 

multipliers to calculate the Lifting Index (LI).  LI values less than or equal to 1.0 represent low 

LBD risk category, LI values more than 1.0 and less than or equal 3.0 represent the moderate 

LBD risk category, and LI values greater than 3.0 represent the high LBD risk category (Waters 

et al., 1999).  Table 3.2 includes a sample of variables used as inputs into the NIOSH equation.  

Equations 3.1 through 3.4 demonstrate the calculation of different NIOSH multipliers, as 

explained in Waters et al. (1993).  Also, equations 3.5 and 3.6 show the estimate of the 

Recommended Weight Limit (RWL) and LI, respectively, after estimating the other 

multipliers.   

For the hand coupling multiplier (CM) values of 1, 1, and 0.90 represent good, fair, and 

poor coupling conditions, respectively, for lifting tasks with a vertical height of greater than or 

equal to 75 cm.  For lifting heights of less than 75 cm, CM values of 1, 0.95, and 0.90 represent 

good, fair, and poor coupling conditions, respectively.  The container utilized in the current 

study represents a good coupling condition (i.e., CM = 1).  The frequency multiplier (FM) 

value of 0.65 (Waters et al., 1993) reflects the lifting frequency, duration, and vertical height 

in the current study (i.e., 2 lifts/minute, ≤ 8 hrs./day, and ≥ 75 cm, respectively).   
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TABLE 3.2 

NIOSH EQUATION INPUT VARIABLES – SAMPLE CALCULATION 

Load weight 9.5 kg 

H: Horizontal distance (moment arm) 67.6 cm 

V: Lifting vertical height 94 cm 

D: Lifting distance 25 cm 

A: Torso asymmetric 60 

C: Coupling condition good 

F: Lifting Frequency 2/min 

Load constant 23 kg 

Horizontal (moment arm) multiplier (HM) = 25/H = 25/67.6 = 0.37                  Equation (3.1) 

Vertical multiplier (VM) = 1-0.003 * (V-75) = 1-0.003 * (94-75) = 0.94             Equation (3.2) 

Distance multiplier (DM) = 0.82+(4.5/D) = 0.82+(4.5/25) = 1.00                      Equation (3.3) 

Asymmetric multiplier = 1 - (0.0032*A) = 1 - (0.0032*60) = 0.81                       Equation (3.4) 

The product of the previously mentioned multipliers with the load constant (LC) (i.e., 

23 kg) represents the RWL as shown in Equation 3.5. 

RWL =  23 * HM * VM * DM * AM * CM * FM = 23 * 0.37 * 0.94 * 1.00 * 0.81 * 1.00 * 0.65 

= 4.19 kg                                                                                                                Equation (3.5) 

After estimating the RWL, the LI can be estimated by dividing the actual load weight 

by the RWL as shown in Equation 3.6. 

LI = load weight/RWL = 9.50/4.19 = 2.27                                                           Equation (3.6) 

Likewise, the mean of the maximum moment arm values (from the two trials per lift 

condition) obtained through the two measurement approaches were used as inputs (along with 

the load weight and lift frequency) into the LiFFT risk assessment method (Gallagher et al., 

2017) to calculate the probability of high-risk job.  Gallagher’s team showed that probability 

values less than 25% represent the low LBD risk category, greater than or equal 25%, and less 
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than or equal 50% represents the moderate LBD risk category, and greater than 50% represents 

the high LBD risk category.  Figure 3.5 shows the inputs into LiFFT assessment method.   

 

Figure 3.5 Inputs into LiFFT assessment method 

3.2.8 Statistical Analysis   

A three-way ANOVA was performed to study the impact of the independent variables 

(vertical heights, horizontal distances, and torso asymmetry angles) on the difference between 

the motion capturing system and manual moment arm measurements.  The eta squared (η2) 

value was utilized to explain the percentage of variance in the dependent variable that is 

explained by the independent variable.  That enabled determining the impact (i.e., effect size) 

of the main effects and the interaction effects upon the dependent variable.  Tukey Honestly 

Significant Difference (HSD) follow-up post-hoc tests were conducted on significant main 

effects and significant interactions to determine where the differences occurred.   

A nonparametric Wilcoxon Signed Ranks test was conducted to assess the differences 

in risk assessment outcomes when using the moment arms measured manually and via the 
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motion capturing system as inputs into NIOSH and LiFFT assessment methods.  For instance, 

if using the moment arm distance measured from the motion capturing system as input into the 

LiFFT assessment method resulted in LiFFT risk probability of 52%, then the assessed lifting 

task (let us call it A) will be categorized as high risk of LBD.  However, if the resulting LiFFT 

risk probability was 42% (i.e., moderate risk of LBD) when using the manual measured 

moment arm as input into LiFFT to assess the same lifting task (i.e., “A”), then one would 

conclude that the LiFFT risk assessment outcome was different when using the moment arms 

measured manually and via the motion capturing system as input into LiFFT assessment 

method.  Statistical analysis was performed using SPSS software (IBM SPSS Statistics for 

Windows, Version 25.0. Armonk, NY: IBM Corp). 

3.3 Results 

3.3.1 The Accuracy of Manual Moment Arm Measurements  

The manually measured moment arms and those measured concurrently via the motion 

capturing system for both lift origin and destination are tabulated in Table 3.3.  Compared to 

the motion capturing system, the AAE’s for lift origin and lift destination manual moment arm 

measurement were 6.21 cm and 2.22 cm, respectively. 
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TABLE 3.3 

MEAN (SD) MOTION CAPTURING SYSTEM AND MANUAL MOMENT ARM 

MEASUREMENTS 

Task# 
Vertical 

Location 
Horizontal 

Zone 
Torso Asymmetry 

(deg)  

Mean (SD) Lift Origin 

Moment Arms (cm) 
Mean (SD) Lift Destination 

Moment Arms (cm) 

Motion Capture Manual Motion Capture  Manual 

1 Waist Far  60 86.1 (3.4) 85.2 (6.2) 23.9 (1.0) 24.5 (3.3) 

2 Waist Close  60 66.4 (4.7) 66.7 (6.1) 24.8 (0.7) 24.8 (2.5) 

3 Knee  Far  60 83.6 (3.0) 90.2 (4.0) 23.5 (0.7) 22.2 (1.4) 

4 Knee Close  60 70.5 (2.2) 77.9 (6.3) 24.8 (0.8) 22.9 (0.9) 

5 Waist Far  30 87.8 (4.1) 88.8 (8.6) 23.7 (0.5) 24.2 (1.5) 

6 Waist Close  30 69.8 (5.5) 73.3 (7.6) 25.0 (0.8) 23.4 (2.0) 

7 Knee Far  30 84.5 (3.8) 91.8 (8.5) 23.5(1.0) 23.4 (1.9) 

8 Knee  Close  30 75.3 (1.9) 79.2 (6.8) 24.6 (1.2) 23.6 (1.0) 

9 Waist Far  0 83.2 (3.9) 79.1 (10.1) 24.4 (0.9) 23.0 (0.6) 

10 Waist Close  0 63.6 (3.6) 62.2 (4.6) 25.1 (1.1) 23.1 (1.4) 

11 Knee  Far  0 83.2 (1.6) 89.7 (9.0) 23.4 (0.4) 24.1 (4.7) 

12 Knee Close  0 71.0 (2.8) 74.2 (10.9) 25.5 (1.1) 24.2 (2.9) 

3.3.2 Manual Moment Arm Measurements ANOVA 

Analysis of Variance (ANOVA) was performed to assess the effect of the three 

independent variables upon the difference between the motion capturing system and manual 

moment arm measurements for lift origin tasks only.  As shown in Table 3.4, the ANOVA 

indicated two significant two-way interactions.  The moment arm differences varied 

significantly as a function of torso asymmetry and vertical height (p = 0.002, η2 = 0.196) as 

well as torso asymmetry and horizontal distance (p = 0.003, η2 = 0.178).    

Results of the Tukey HSD post-hoc follow-up tests on the significant two-way 

interactions are shown in Figures 3.6 and 3.7.  Figure 3.6 shows that the moment arm 

differences between motion capturing system and manual measurements were significantly 

different between the waist and knee heights only for the 60° and 0° torso asymmetry tasks, 

with greater errors at the knee height.  Even though ANOVA showed significant differences 

between the two measurement approaches as a function of torso asymmetry and horizontal 
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distance, Tukey HSD post-hoc test failed to show such differences as a function of torso 

asymmetry and horizontal distance (Figure 3.7). 

TABLE 3.4 

ANOVA: MEASUREMENT DIFFERENCES BETWEEN MOTION CAPTURING 

SYSTEM AND MANUAL MEASUREMENT 

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 

Corrected Model 1715.862a 59 29.082 7.726 .000 .885 

Intercept 4659.967 1 4659.967 1237.958 .000 .955 

Subject 229.669 4 57.417 15.253 .000* .508 

Vertical 275.701 1 275.701 73.242 .000* .554 

Horizontal .000 1 .000 .000 .993 .000 

Asymmetry 22.562 2 11.281 2.997 .058 .092 

Subject * Vertical 436.909 4 109.227 29.017 .000* .663 

Subject * Horizontal 12.090 4 3.023 .803 .528 .052 

Subject * Asymmetric 228.675 8 28.584 7.594 .000* .507 

Vertical * Horizontal 1.343 1 1.343 .357 .553 .006 

Vertical * Asymmetry 54.011 2 27.005 7.174 .002* .196 

Horizontal * Asymmetry 48.034 2 24.017 6.380 .003* .178 

Error 222.090 59 3.764    

Total 6524.720 119     

Corrected Total 1937.952 118     

a. R Squared = .885 (Adjusted R Squared = .771) 

* Significant effect at an alpha of 0.05 
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Figure 3.6 Difference in moment arm measurements as a function of torso asymmetry and 

vertical height (error bars represent +/- 1 SD) 

(* significantly different at α = 0.05) 

 

 

Figure 3.7 Difference in moment arm measurements as a function of torso asymmetry and 

horizontal distance (error bars represent +/- 1 SD) 
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3.3.3 Manual and Reference Measurements as Inputs into the NIOSH Lifting Equation 

Assessment Method 

Moment arms measured manually as well as those measured via the motion capturing 

system all were used as inputs, along with other variables, into the NIOSH Lifting Equation 

assessment method to determine the NIOSH LI for the lifting tasks.  Only lift origin tasks were 

assessed using NIOSH Lift Equation.  Overall, LI’s from all raters are tabulated in Table 3.5.  

It can be noticed in this table that considering the overall assessment, the assessment outcomes 

(Lifting Indexes risk category) resulted from manual measurements were similar to the motion 

capturing system assessment in all lifting conditions.  The nonparametric Wilcoxon Signed 

Rank test showed no significant differences (p = 1.000) in the NIOSH Lifting Equation risk 

assessment outcomes obtained using the moment arms from the motion capturing system and 

moment arms that were measured manually as inputs into NIOSH assessment method. 

TABLE 3.5 

NIOSH LIFTING INDEX: LIFT ORIGIN (MANUAL MEASURES_ OVERALL 

ASSESSMENT) 

• Values in orange color represent moderate risk of low back injury (1.0<LI≤3.0),  

• Values in red color represent high risk of low back injury (LI>3.0), according to NIOSH  

• Horizontal distances: Far = 70 cm and Close = 50 cm, Vertical heights: Waist height and Knee height, 

Torso asymmetric angles: 0° (sagittal lifting), 30°, and 60° 

 

Task# Task# 
Vertical 

Location 

Horizontal 

Zone 

Torso 

Asymmetry 

(deg)  

Lift Origin LI 

Motion Capture 
Manual 

Measurement 

1 1 Waist  Far 60 2.9 2.8 

2 2 Waist Close 60 2.2 2.2 

3 3 Knee Far 60 3.1 3.3 

4 4 Knee Close 60 2.6 2.9 

5 5 Waist  Far 30 2.6 2.6 

6 6 Waist  Close 30 2.1 2.2 

7 7 Knee Far 30 2.8 3.0 

8 8 Knee Close 30 2.5 2.6 

9 9 Waist  Far 0 2.2 2.1 

10 10 Waist  Close 0 1.7 1.7 

11 11 Knee Far 0 2.5 2.7 

12 12 Knee Close 0 2.1 2.2 
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3.3.4 Manual and Motion Capturing System Measurements as Inputs into LiFFT 

Assessment Method 

Similar to the assessment using the NIOSH Lifting Equation method, moment arms 

manually measured as well as those measured via the motion capturing system all were used 

as inputs, along with other variables, into the LiFFT assessment method (Gallagher et al., 2017) 

to determine the probability of high LBD risk for the various lifting tasks.  Moment arms for 

lift origin tasks were greater than those for lift destination, and thus, lift origin tasks were 

assessed using LiFFT assessment method.  Overall LiFFT risk percentages from all raters are 

tabulated in Table 3.6.  It can be noticed in this table that considering the overall assessment, 

the assessment resulted from manual measurements differed from the motion capturing system 

assessment in one of the lifting conditions.  The nonparametric Wilcoxon Signed Rank test 

revealed no significant differences (p = 0.317) in the LiFFT risk assessment outcomes obtained 

using the moment arms from the motion capturing system and moment arms that were 

measured manually as inputs into LiFFT assessment method. 
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TABLE 3.6 

LiFFT RISK PROBABILITY: LIFT ORIGIN (OVERALL ASSESSMENT) 

Task# 
Vertical 

Zones 

Horizontal 

Zones 

Torso 

Asymmetry 

(deg)  

Lift Origin Risk% 

Motion Capture 
Manual 

Measurement 

1 Waist  Far 60 54.4% 54.0% 

2 Waist Close 60 46.7% 46.8% 

3 Knee Far 60 53.4% 55.9% 

4 Knee Close 60 48.3% 51.2% 

5 Waist  Far 30 55.1% 55.5% 

6 Waist  Close 30 48.0% 49.4% 

7 Knee Far 30 53.8% 56.5% 

8 Knee Close 30 50.2% 51.7% 

9 Waist  Far 0 53.2% 51.6% 

10 Waist  Close 0 45.5% 45.0% 

11 Knee Far 0 53.2% 55.7% 

12 Knee Close 0 48.4% 49.7% 

• Values in red color represent high risk of low back injury (Risk%>50), according to 

LiFFT 

• Values in orange color represent moderate risk of low back injury (25≤Risk%≤50), 

according to LiFFT 

• Cam = camera, Horizontal distances: Far = 70 cm and Close = 50 cm, Vertical heights: 

Waist height and Knee height, Torso asymmetric angles: 0° (sagittal lifting), 30°, and 

60° 

3.4 Discussion 

The accuracy of moment arms measured manually as compared to those measured via 

the motion capturing system measurements was evaluated.  The AAE’s for the manual moment 

arm measurements for lift origin and destination were 6.2 cm and 2.22, respectively.  One may 

notice that the resulted manual moment arm AAE’s in the current study (i.e., 6.21 and 2.22 cm 

for lift origin and destination, respectively) were lower than the AAE (i.e., 10.90 cm) reported 

by Marras et al. (2010).  The low measurement errors in the current study could be attributed 

to manually measuring the moment arm from a very close distance from the lifter, which may 

not be the case in Marras’s study.  Also, the lifting tasks in Marras et al. (2010) were performed 

at a normal speed, however, the lifter in the current study performed the lifting at a slow-base 



77 
 

speed, which probably enabled the participants to measure the moment arms with increased 

accuracy.   

The Tukey HSD post-hoc tests demonstrated that the moment arm differences between 

the manual measurements and measurements from motion capturing system were significantly 

different between the two vertical heights only for the 0° and 60° torso asymmetry tasks, with 

greater errors (i.e., 5.57 cm and 2.22 cm, respectively) at the knee height compared to the waist 

height.  This error could be due to the different measurement strategies for knee and waist 

lifting heights.  Measuring the moment arm for lifting tasks from waist height represents the 

direct horizontal line between the iliac crest the hand.  However, the moment arm for lifting 

from the knee height represents the horizontal line between the iliac crest and the projection 

location of the hand at the level of the waist height (see Figure 3.4), which may have led to 

moment arm measurements difficulty, and thus, increased measurement error.   

The results indicated that assessing various lifting tasks using moment arms manually 

measured using a tape measure as inputs into NIOSH Lifting Equation and LiFFT assessment 

methods would classify the assessed tasks into the proper risk category levels.   However, one 

must keep in mind that the participants (who manually measured the moment arm), in the 

current study, were able to stand very close to the lifter to measure the moment arm during 

lifting (see Figure 3.4), which may have contributed to the lower error level.  However, this 

may not be possible in various working places where those measuring the moment arms may 

not get the chance to measure from a closer distance due to obstructions or simply not to get in 

the way of the worker.  In this case, the measurement error may increase.  Also, the lifter was 

lifting at a slow-base speed, which likely enabled the subjects to measure the moment arms 

with increased accuracy.  This accuracy may negatively be impacted in case of high-frequency 

lifting tasks.  Dempsey et al. (2001) described that the non-stop lifting tasks would enhance 

measurement difficulty. Thus, manual moment arm measurements in workplaces may 
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encounter larger errors, which could result in inaccurate OLBD risk assessment.  Hence, 

alternative moment arm measurement approaches such as video-based monitoring or wearable 

sensors are suggested to be examined for the accuracy in measuring the moment arms during 

different lifting conditions.   

Findings from this study must be reviewed with respect to several methodological 

limitations.  First, raters who manually measured moment arm were able to stand very close to 

the lifter to measure the moment arm manually during lifting.  This could be the reason for the 

obtained low error level for lift origin and destination (AEE = 6.21 cm and 2.22 cm, 

respectively).  Manually measuring the moment arm in workplaces with restricted space around 

the workers may show higher error levels in the measured moment arms.  Second, the lifter in 

the current study performed the lifting with slow-base lifting speed, which likely allowed the 

measurements to be performed more accurately.  Manually measuring the moment arm for 

rapid lifting tasks may increase the measurement error levels (Dempsey et al., 2001; Marras et 

al., 2010).  Finally, markers were attached to the lifter’s iliac crest and hand, which likely 

provided visual cue’s where to measure from on the body.  This may not be possible in 

workplaces.  

3.5 Conclusion 

Moment arms were measured manually for different lifting conditions (vertical and 

horizontal locations as well as torso asymmetries).  It was demonstrated that manual 

measurements were associated with AAE of 6.21 cm and 2.22 cm for lift origin and destination, 

respectively.  In some lifting conditions, using the manual moment arm measurements as input 

into NIOSH Lifting Equation and LiFFT resulted in similar risk assessment category level 

compared to the reference assessment outcomes for all lifting conditions except for one lifting 

condition, where the LiFFT risk category level was overestimated.  The error in the manually 

measured moment arms may increase in real workplaces with restricted spaces (i.e., no space 
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for the practitioners to manually measure the moment arms) or with high frequency lifting 

speed.  Finally, alternative moment arm measurement technologies such as the video-based 

monitoring or wearable sensors are suggested to be examined.  
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CHAPTER 4 

VIDEO-BASED MOMENT ARM MEASUREMENTS 

4.1 Introduction 

In the past few decades, occupational low back disorders (OLBDs) such as lumbar 

degenerative disc, muscle strain, and ligament sprain have been a costly issue due to the impact 

on workers’ health, productivity, and absenteeism, among others.  It has been estimated that 

the direct medical expenses of low back disorder (LBD) in the United States are between $12.2 

to $90.6 billion annually (Dagenais et al., 2008).  The cost of total productive time lost due to 

OLBDs in the United States workforce has been estimated to be about $19.8 billion annually 

(Stewart et al., 2003).  Several studies showed that manual material handling (MMH) jobs 

account for between 50% and 75% of overall back injuries (Bigos et al., 1986; Snook, 1989; 

Spengler et al., 1986). 

During MMH tasks, spinal muscle coactivity and compression and shear forces on the 

intervertebral discs increase as the external moment increases.  Marras et al. (1995) showed 

that most of the forces acting on the L5/S1 disc are due to forces generated by the muscles to 

counteract the loading from the increased external load moment.  Several studies have 

demonstrated the association between the risk of LBD and low back moments (Davis & Marras, 

2005; Lavender et al., 2012; Marras et al., 2009; Norman et al., 1998).  The external low back 

moment is the combination of the load weight and the horizontal distance between the load and 

the lifter (Gallagher et al., 2017; Jorgensen et al., 2004; Marras, 1995; Marras et al., 1995; 

Marras et al., 1993; Potvin et al., 1992) (see Figure 4.1).  Various lifting assessment tools have 

been developed to assess and control the risk factors that expose workers to OLBDs in lifting 

jobs.  Some assessment tools include the revised 1991 National Institute for Occupational 

Safety and Health (NIOSH) Lifting Equation (Waters et al., 1993); the American Conference 

of Governmental Industrial Hygienists (ACGIH) Threshold Limit Values (TLVs) for Lifting 
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(ACGIH, 2007); and the Lifting Fatigue Failure (LiFFT) (Gallagher et al., 2017). Nearly all 

existing assessment tools assess external moment factors such as moment arm and the load 

weight as LBD risk factors. 

 

Figure 4.1 The external moment  

It is important to accurately measure the moment arm during lifting to assess the risk 

of OLBD in lifting jobs.  Previous studies used a tape measure to manually measure the moment 

arm (Allread et al., 2000; Davis & Anés, 2014; Davis & Marras, 2000; Gallagher et al., 2017; 

Jorgensen et al., 2004; Lavender et al., 2012; Marras et al., 1993; Potvin et al., 1992; Waters et 

al., 1993).  However, it has been demonstrated that it is difficult to manually measure the 

moment arm, especially for high-speed lifting tasks with  a high variation in lifting conditions 

such as lift height and horizontal distance (Marras et al., 2010).   

Marras et al. (2010) utilized a magnetic tracking system to measure the moment arm 

during lifting.  The utilized system provided moment arm measurements with an average 

absolute error (AAE) of 4.1 cm.  However, several researchers demonstrated that tracking 

position using magnetic tracking technology could suffer distortion arising from the 

surrounding metallic structures or other conductive materials (Kindratenko, 2000; Marras et 

al., 2010; Welch & Foxlin, 2002), which could result in moment arm measurement errors, and 

thus, overestimating or underestimating the OLBD risk. 
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Motion capturing systems such as Motion Analysis, VICON, and Optotrak could be 

used to accurately measure the moment arm (Faber et al., 2009; Ning et al., 2014; Plamondon 

et al., 2014).  However, these systems are costly, require long setup time, and are difficult to 

transfer to field settings (i.e., designed for lab settings).  A few laboratory studies have 

determined the moment arm during lifting using video-based monitoring systems (Coenen, 

Kingma, Boot, Bongers, et al., 2013; Coenen et al., 2011).  Measurements of these moment 

arms and other body postures were used as inputs into biomechanical models to estimate low-

back biomechanical loading.  However, no effort was made to show the impact of different 

camera angles with respect to the lifter on the achieved moment arm accuracy.  It has been 

demonstrated that different camera angles may affect measurements from video-based 

monitoring systems (Chang, McGorry, Lin, Xu, & Hsiang, 2010; Lowe, Weir, & Andrews, 

2014; Xu, Chang, Faber, Kingma, & Dennerlein, 2011).  Also, it was not clear how the moment 

arm measurements may have been affected lifting from different heights from the floor, 

different horizontal distances, or various torso twisting angles away from the sagittal plane as 

typically occurs in workplaces.  Finally, to the best of the researcher’s knowledge, no study has 

utilized moment arm measurements obtained from a video-based analysis software (VAS) or 

the motion capturing system approaches to assess the impact of measurements variability on 

the outcomes of two lifting assessment methods (i.e., NIOSH and LiFFT).   Figures 4.2 and 4.3 

show the moment arm measurements made via VAS for waist and knee lifting heights, 

respectively.  The red line represents the moment arm distance, where the line in orange color 

represents the forearm length used for calibration.    
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Figure 4.2 Waist height moment arm measurement via VAS 

 

 

Figure 4.3 Knee height moment arm measurement via VAS 
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There are several objectives of the current study.  First, to examine the accuracy of a 

VAS in measuring the moment arm as compared with the motion capturing system.  Second, 

to evaluate the reliability of a VAS approach in measuring moment arms measured by multiple 

raters.  Third, to determine the optimal camera placement (i.e., angle with respect to the lifter’s 

sagittal plane) that would enable the accurate moment arm measurement via a VAS.  Finally, 

to assess the influence of moment arm measurements obtained from a motion capturing system 

and a VAS on the assessment of the risk of low back injury using the NIOSH Lifting Equation 

(Waters et al., 1993) and LiFFT (Gallagher et al., 2017) risk assessment methods. 

4.2 Methods 

4.2.1 Approach 

In this study, various lifting tasks were video recorded using three webcams located at 

different angles with respect to the participant’s initial sagittally symmetric position, while 

being simultaneously captured using a motion capturing system.  The accuracy and reliability 

of the moment arms obtained via a VAS (i.e., Kinovea Software) were examined and compared 

to the measurements from the motion capturing system approach. 

4.2.2 Participants 

A male college student (age = 31 years; body mass = 72 kg; stature = 171 cm) was 

recruited to voluntarily perform the lifting tasks for this experiment.  The participant was free 

from previous back, shoulder, elbow, wrist or lower extremity surgery, or injury to the shoulder 

or low back within the last six months.  Regarding the required number of participants (those 

who measured the moment arm using the VAS), Walter, Eliasziw, and Donner (1998) provided 

guidelines for selecting a sample size for an optimal design for reliability studies.  In the current 

study, the null hypothesis of the level of the agreement between raters (P0) was be assumed to 

be zero, and the alternative hypothesis (P1) was assumed to be as high as 0.5 with α = 0.05 and 
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β = 0.2 (where 1-β = the power of reliability).  In this case, the required number of raters 

recommended by this assumption is 22 raters when each performs two measurements for each 

lifting condition.  Therefore, 22 participants were recruited to perform the moment arm 

measurement using the VAS.  However, only twenty participants (10 females and 10 males) 

were available during the time period of the study.  The mean (SD) age of those participants 

was 26.12 (4.70) years old.  Those participants were free from any low back, shoulder, elbow, 

wrist injury, as well as any vision problems that restrict their use of computer workstation. 

4.2.3 Apparatus 

The KinoveaTM VAS installed on a computer in the Human Biomechanics Design Lab 

was utilized to measure the moment arm using the recorded videos.  Three webcams (connected 

with the Motion AnalysisTM system) were fixed on tripods and utilized to record the lifting 

trials.  Each camera line of sight was set to be perpendicular to the lifter’s forearm during the 

various lifting asymmetry angles.  For instance, in case of lifting a load from a lift origin that 

is located at 60° to the right of the participant’s sagittal plane, a camera was placed at 30° to 

the left of the participant’s sagittal plane to have its line of sight perpendicular to the lifter’s 

forearm during lifting (see Figure 4.4).  Video recordings from all cameras were used to 

measure the moment arms for the various lifting conditions.  Additionally, a 15-camera motion 

capturing system (Motion AnalysisTM) was utilized to capture the lifting motions.  Adhesive 

reflective markers were placed on various body locations utilizing adhesive tape,  including the 

third metacarpal-phalangeal joint (knuckle) of the hand (right and left), iliac crest (right and 

left), and ankle (right and left) (see Figure 4.5).  These reflective markers are necessary for the 

motion capture system to pick these locations up in three-dimensional space, using a sampling 

rate of 100 Hz.  Two additional reflective markers were attached to the lifter’s medial 

epicondyle and ulnar styloid process (elbow and wrist, respectively) on the lifter’s left arm, 

which were necessary for the calibration of the video analysis system (see Figure 4.5).  
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A survey of various lifting and lowering tasks showed that the 50th percentile of the 

lifting load weights was 9.5 kg (Dempsey, 2003).  Thus, the study utilized a container (40.1 x 

26.2 x 17.8 cm) loaded with a metal weight of 9.5 kg that was lifted from the origin of the lift 

to a common destination.  A height-adjustable table was utilized at the origin of the lift, and 

another height-adjustable table was utilized at the lift destination fixed at one location in front 

of the participant.  A tape measure and a protractor were utilized to determine the lift origin 

and the webcams locations horizontally and asymmetrically, respectively, with respect to the 

mid-point between the performer’s inner ankles.  Finally, tape was utilized to draw lines on the 

floor to mark the locations of the three cameras, a destination, and various lift origins.   

 

Figure 4.4 Experimental setup 
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Figure 4.5 Reflective markers placement 

4.2.4 Study design 

Figure 4.4 demonstrates different lift origin locations (horizontally and 

asymmetrically), a common lift destination, and the three recording webcams locations.  A 

height-adjustable table was utilized as the origin of the lift that was adjusted at two vertical 

heights in which the container handles were set at the lifter’s knee height (i.e., low height = 50 

cm above the floor) and waist height (i.e., high height = 94 cm above the floor).  The selected 

low and high lifting heights represented the mid-shin to knuckle and knuckle to below shoulder 

vertical zones, respectively, described in the lifting assessment tool by ACGIH (2007).  A 

survey of various lifting and lowering tasks showed that the 50th and 90th percentiles of the 

vertical lifting heights were 76.2 cm and 104.1 cm, respectively (Dempsey, 2003).  The origin 

of the lift was positioned at two different horizontal distances from the mid-point between the 

lifter’s ankles, at 50 cm (close) and 70 cm (far).  The selected horizontal distances represented 

the intermediate and extended lifting horizontal zones in the ACGIH Threshold Limit Values 
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(TLVs) tables (ACGIH, 2007).  The origin of the lift was located at three different torso 

asymmetry angles away from the sagittal plane.  Dempsey (2003) demonstrated that the 90th 

percentile of lifting tasks occurs with torso asymmetry of 45° away from the sagittal plane.  

The torso asymmetry angles examined in the current study included 30° and 60° to the right as 

well as 0° (i.e., sagittally symmetric lifting).  A common destination location was positioned 

in front of the lifer, where the container handles were set at the lifter’s waist height (i.e., 94 

cm).  The recording webcams were placed at angles of 30°, 60°, and 90° to the left side of the 

lifter’s initial position, at a distance of 250 cm away from the mid-point between the lifter’s 

inner ankles (see Figure 4.4), and at a vertical height of 100 cm above the floor.   

4.2.5 Procedures 

Upon arrival to the lab, the study procedures and objectives were explained to the lifting 

participant (i.e., the one who performed the lifting tasks).  This participant was then asked to 

review and sign an informed consent form approved by the Wichita State University 

Institutional Review Board for Human Subjects Research.  Demographics (age) and 

anthropometry data (i.e., body mass and stature) were then collected from the lifter.  Reflective 

markers were then attached on the lifter’s body parts.  The lifting participant then randomly 

performed the various lifting tasks, as listed in Table 4.1.  

To simulate lifting tasks performed in the workplaces, no instructions on the lifter’s feet 

positions nor specific lifting styles were given.  An automatic alarm generator software 

installed on a computer was used to control the lift rate.  The software was set to generate a 

tone every 30 seconds, which represents a lift rate of two lifts per minute.  The lifter was 

instructed to start the lift each time the tone sounded.   

 

 

 



89 
 

TABLE 4.1 

 

 LIFTING CONDITIONS 

Lifting Conditions Vertical Zone Horizontal Zone Torso Asymmetry (deg) 

1 Waist Far 60 

2 Waist Close 60 

3 Knee Far 60 

4 Knee Close 60 

5 Waist Far 30 

6 Waist Close 30 

7 Knee Far 30 

8 Knee Close 30 

9 Waist Far 0 

10 Waist Close 0 

11 Knee Far 0 

12 Knee Close 0 

The three webcams as well as the motion capturing system simultaneously recorded 

each lifting trial to determine the horizontal distance between the approximate lifter’s iliac crest 

location and the 3rd knuckle on the hand at the instant the lifter’s hands touched the box to lift 

it (lift origin moment arm) as well as the instant the lifter placed the box on the destination 

table (lift destination moment arm).  The researcher started the motion capture data collection 

and video recordings from the three webcams, when the lifter’s hands touched the box to lift 

it, and the recording was ended at the time the lifter placed the box on the destination table.  

The lifter performed two repetitions of each lifting condition.  Therefore, the lifter performed 

a total of 24 lifts in the experimental session (two lift origin horizontal distances x two lift 

origin vertical heights x three lift origin asymmetric angles x two repetitions for each lifting 

condition).  A research assistant returned the box to its origin location after each lift was 

completed. 

Twenty participants were invited to the lab to measure the moment arm via the VAS. 

Upon arrival to the lab, the study procedures and objectives were explained to the participants. 

The participants were then asked to review and sign an informed consent form approved by the 

Wichita State University Institutional Review Board for Human Subject Research.  Then, 

demographic information, including age and gender were recorded.   
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Using the webcam video recorded lifting tasks, the researcher determined the specific 

frames when the lift was started (i.e., the initial movement of the load from the lifting table) 

and when the lift was ended (i.e., the load settlement on the destination table).  The participants 

were then required to use these specific frames to measure the moment arms using the VAS for 

the lift origin and destination.  The participants were required to perform a calibration measure 

(i.e., the lifter’s lower arm length measured previously) before performing each moment arm 

measurement.  Thus, each participant made two measurements from each frame: a calibration 

measurement and moment arm measurement.  There were two frames (one for the lift origin 

and one for the lift destination) in each recorded video (a total of 24 lifting tasks were recorded 

from each webcam).  A research assistant recorded the VAS moment arms measured by each 

rater using an Excel sheet.   

4.2.6 Experimental Design 

The experimental design was a three-factor repeated measures design.  The independent 

variables included the vertical lifting height (knee and waist), the horizontal lifting origin 

distance (close and far), and torso asymmetry (30° and 60° to the right and 0°). The dependent 

variable was the difference between the motion capturing system and VAS measured moment 

arms (in centimeters). 

4.2.7 Data Analysis 

Reflective marker positions in the three-dimensional space collected from Motion 

AnalysisTM were retrieved and analyzed using CortexTM Software (version 7.5.3) installed on 

another computer in the Human Biomechanics Design Lab.  A calibration measure was 

required to measure distances between two points using the VAS.  The lifter’s forearm length 

(distance between the medial epicondyle and ulnar styloid process of the left arm) was used for 

the calibration.  Using the VAS approach, the participants (who performed the VAS the 

moment arm measurements) were required to drag a line on the screen between the medial 
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epicondyle and ulnar styloid process, right click on the created line, select the calibration 

option,  and enter the previously measured lifter’s forearm length (i.e., 26 cm).  The mean and 

standard deviation of the moment arm distance measured for the two trials via the motion 

capturing system and VAS were calculated for the different lifting conditions.  The Average 

Absolute Error (AAE) was used to examine the accuracy of the moment arms obtained through 

the VAS as compared with the motion capturing system.   

Since the NIOSH Lifting Equation instructs assessment of the LI at the origin of the 

lift, mean moment arms measured via the VAS and the motion capturing system (from the two 

trials per lift condition) at the lift origin were used to calculate the NIOSH Lifting Equation 

horizontal multiplier (HM) (Waters et al., 1993).  The HM was used with the other multipliers 

to calculate the Lifting Index (LI).  LI values less than or equal to 1.0 represent low LBD risk 

category, LI values greater than 1.0 and less than or equal 3.0 represent the moderate LBD risk 

category, and LI values greater than 3.0 represent the high LBD risk category (Waters et al., 

1999).  Table 4.2 includes a sample of variables used as inputs into the NIOSH Lift Equation.  

Equations 4.1 through 4.4 demonstrate the calculation of different NIOSH Lifting Equation 

multipliers, as explained in Waters et al. (1993).  Also, equations 4.5 and 4.6 shows the 

calculation of the Recommended Weight Limit (RWL) and LI, respectively, after determining 

the other multipliers.   

For the hand coupling multiplier (CM) values of 1, 1, and 0.90 represent good, fair, and 

poor coupling conditions, respectively, for lifting tasks with a vertical height of greater than or 

equal to 75 cm.  When lifting heights are less than 75 cm, CM values of 1, 0.95, and 0.90 

represent good, fair, and poor coupling conditions, respectively.  The container utilized in the 

current study represents a good coupling condition (i.e., CM = 1).  The frequency multiplier 

(FM) value of 0.65 (Waters et al., 1993) reflects the lifting frequency, duration, and vertical 

height in the current study (i.e., 2 lifts/minute, ≤ 8 hrs./day, and ≥ 75 cm, respectively).   
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TABLE 4.2  

NIOSH EQUATION INPUT VARIABLES –SAMPLE CALCULATION 

Load weight 9.5 kg 

H: Horizontal distance (moment arm) 67.6 cm 

V: Lifting vertical height 94 cm 

D: Lifting distance 25 cm 

A: Torso asymmetric 60° 

C: Coupling condition Good 

F: Lifting Frequency 2/min 

Load constant 23 kg 

Horizontal (moment arm) multiplier (HM) = 25/H = 25/67.6 = 0.37                  Equation (4.1) 

Vertical multiplier (VM) = 1-0.003 * (V-75) = 1-0.003 * (94-75) = 0.94             Equation (4.2) 

Distance multiplier (DM) = 0.82+(4.5/D) = 0.82+(4.5/25) = 1.00                     Equation (4.3) 

Asymmetric multiplier = 1 - (0.0032*A) = 1 - (0.0032*60) = 0.81                     Equation (4.4) 

The product of the previously mentioned multipliers with the load constant (LC) (i.e., 

23 kg) represents the RWL as shown in Equation 3.5. 

RWL =  23 * HM * VM * DM * AM * CM * FM = 23 * 0.37 * 0.94 * 1.00 * 0.81 * 1.00 * 

0.65 = 4.19 kg                                                                                                          Equation 4.5 

After calculating the RWL, the LI can be determined by dividing the actual load weight by 

the RWL as shown in Equation 3.6. 

LI = load weight/RWL = 9.50/4.19 = 2.27                                                              Equation 4.6 

The mean of the maximum moment arm values (from the two trials per lift condition) 

obtained through the two measurement approaches were used as inputs (along with the load 

weight and lift frequency) into the LiFFT assessment method (Gallagher et al., 2017) to 

calculate the probability of high-risk job.  Gallagher’s team showed that probability values less 

than 25% represent the low LBD risk category, greater than or equal 25% and less than or equal 

50% represent the moderate LBD risk category, and greater than 50% represent the high LBD 

risk category.  Figure 4.6 shows the inputs into LiFFT assessment method.   
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Figure 4.6 Inputs into LiFFT assessment method 

4.2.8 Statistical Analysis 

A three-way ANOVA was performed to determine the impact of the independent 

variables (vertical heights, horizontal distances, and torso asymmetry angles) on the difference 

between Motion AnalysisTM and VAS measurements of moment arms.  The eta squared (η2) 

value was utilized to explain the percentage of variance in the dependent variable that is 

explained by the independent variable.  That enabled to determine the impact (i.e., effect size) 

of the main effects and their interactions upon the dependent variable.  Tukey Honestly 

Significant Difference (HSD) follow-up post-hoc tests were conducted to determine where the 

differences occurred between the different levels of the statistically significant main effects and 

interactions.   

A nonparametric Wilcoxon Signed Ranks test was conducted to assess the differences 

in risk assessment outcomes when using the moment arms measured via the motion capturing 

system and VAS as inputs into NIOSH and LiFFT assessment methods.  For instance, if using 

the moment arm distance measured from the motion capturing system as input into the NIOSH 
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Lifting Equation assessment method resulted in a LI value of 3.5, then the assessed lifting task 

(let us call it A) will be categorized as high risk of LBD.  However, if the resulting lifting index 

value when using the manual measured moment arm as input into NIOSH Lifting Equation 

assessment method to assess the same lifting task (i.e., “A”) was 2.7 (i.e., moderate risk of 

LBD), then one would conclude that the risk assessment outcome was different when using the 

moment arms measured manually versus using the motion capturing system as input into the 

NIOSH Lifting Equation assessment method.  

Inter-rater reliability was examined using the Intraclass Correlation Coefficient (ICC) 

test to determine the level of agreement between raters when using the VAS to measure the 

moment arms.  ICC values were interpreted as excellent reliability for ICC values > 0.75, fair 

to good reliability for ICC values ranging from 0.4 to 0.75, and poor reliability for ICC values 

< 0.4 (Fleiss, 1986).  Statistical analysis was performed using SPSS software (IBM SPSS 

Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp). 

4.3 Results  

4.3.1 Video-Based Moment Arm Measurements Accuracy 

The accuracy of moment arms measured via the video-based analysis software (VAS) 

using video recordings from different camera orientations as compared to those measured via 

the motion capturing system measurements (i.e., Motion Analysis) was evaluated.  A metric of 

AAE was used to evaluate the moment arms measured via VAS.  Lift origin moment arm 

measurements from the two approaches are tabulated in Table 4.3.  The results showed that 

AAE’s for VAS measurements obtained from video recordings via cameras oriented at 30°, 

60°, and 90° were 17.29, 6.07, and 4.25 cm, respectively.  Video recordings from the 90° 

webcam enabled for lift origin moment arm measurements with lowest AAE as compared with 

video recordings from the other two camera orientations.   
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TABLE 4.3   

MEAN (SD) LIFT ORIGIN MOMENT ARM MEASUREMENT 

Task 
Vertical 

Location 
Horizontal 

Zone 
Torso Asymmetry 

(deg)  

Lift Origin Moment Arm (cm) 

Motion Capture 
Video-Based Analysis Software  

30° Cam 60° Cam 90° Cam 

1 Waist  Far 60 67.6 (0.1) 66.6 (0.3)  73.7 (0.5) 67.5 (0.6) 

2 Waist Close 60 58.2 (0.2) 56.5 (0.6) 62.5 (0.4) 59.9 (0.5) 

3 Knee Far 60 68.7 (1.3) 66.0 (1.2) 69.3 (0.8) 50.3 (0.4) 

4 Knee Close 60 57.6 (0.6) 53.3 (0.5) 55.0 (0.8) 41.5 (0.4) 

5 Waist  Far 30 72.0 (2.1) 60.3 (0.6) 71.9 (0.5) 76.7 (0.5) 

6 Waist  Close 30 59.9 (1.6) 49.7 (0.4) 59.4 (0.4) 64.5 (0.5) 

7 Knee Far 30 74.9 (0.1) 53.5 (0.5) 72.0 (0.6) 76.1 (0.5) 

8 Knee Close 30 61.2 (1.1) 40.0 (0.3) 56.5 (0.8) 60.3 (0.4) 

9 Waist  Far 0 66.8 (2.8) 35.7 (0.4) 56.3 (0.5) 66.9 (0.6) 

10 Waist  Close 0 49.8 (0.6) 24.7 (0.3) 40.8 (0.3) 49.6 (0.3) 

11 Knee Far 0 72.7 (0.6) 31.9 (0.6) 56.9 (0.5) 73.1 (0.4) 

12 Knee Close 0 57.5 (0.8) 21.0 (0.5) 42.4 (0.7) 57.3 (0.4) 

SD = Standard Deviation, Horizontal distances: Far = 70 cm and Close = 50 cm, Vertical heights: Waist height and Knee height, Torso asymmetric angles: 0° (sagittal lifting), 

30°, and 60° 
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Lift destination moment arm measurements from the two approaches as well as 

accuracy evaluation metrics are tabulated in Table 4.4.  Measurements were obtained from 

video recordings via 60° and 90° webcams only as the iliac crest (from where the distance is 

being measured) was not visible in video recordings from 30° webcam at the time of placing 

the load on the destination table as it was obstructed by the lifter’s arm.  Thus, lift destination 

moment arm measurement via VAS was not possible from videos via this camera (i.e., 30° 

webcam).  The results showed that AAE’s for VAS measurements obtained from video 

recordings via cameras oriented at 60° and 90° were 1.67 and 8.62 cm, respectively.  
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TABLE 4.4   

MEAN (SD) LIFT DESTINATION MOMENT ARM MEASUREMENTS RESULTS 

Task 
Vertical 

Location 
Horizontal 

Zone 
Torso Asymmetry 

(deg)  

Lift Destination Moment Arm (cm) 

Motion Capture 
Video-Based Analysis Software 

30° Cam 60° Cam 90° Cam 

1 Waist  Far 60 20.7 (0.5) 

N/A 

12.5 (0.2) 18.9 (0.2) 

2 Waist Close 60 21.5 (1.3) 13.0 (0.4) 19.6 (0.2) 

3 Knee Far 60 20.7 (0.5) 11.4 (0.2) 18.7 (0.2) 

4 Knee Close 60 21.6 (1.4) 11.6 (0.2) 19.2 (0.2) 

5 Waist  Far 30 20.9 (0.2) 12.7 (0.2) 19.6 (0.2) 

6 Waist  Close 30 22.2 (0.1) 14.6 (0.2) 21.4 (0.3) 

7 Knee Far 30 21.6 (0.0) 12.7 (0.2) 19.8 (0.2)  

8 Knee Close 30 22.0 (0.1) 12.3 (0.2) 20.1 (0.2) 

9 Waist  Far 0 20.1 (0.4) 11.7 (0.2) 18.5 (0.2) 

10 Waist  Close 0 18.9 (0.1) 11.3 (0.2) 17.6 (0.1) 

11 Knee Far 0 21.1 (1.0) 12.3 (0.2) 19.0 (0.1) 

12 Knee Close 0 21.7 (0.5) 13.3 (0.3) 20.3 (0.5) 

SD = Standard Deviation, N/A: Hip region in the video recordings was not visible from this camera angle, Horizontal distances: Far = 70 cm and Close = 50 cm, Vertical 

heights: Waist height and Knee height, Torso asymmetric angles: 0° (sagittal lifting), 30°, and 60° 
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4.3.2 VAS Moment Arm Measurements ANOVA 

A three-way ANOVA was performed to assess the effect of the three independent 

variables (lift vertical height, lift horizontal distance, and torso asymmetric angle) upon the 

difference in moment arm measurements between those measured via the motion capturing 

system and VAS measurements through the video recordings from different camera 

orientations (i.e., 30°, 60°, and 90°).  

4.3.2.1 VAS Measurements Using Videos via 30° Webcam   

The ANOVA (Table 4.5) indicated three significant two-way interactions.  The moment 

arm measurement differences between the VAS (using the 30° webcam video recordings as in 

Figure 4.7) and motion capturing system varied significantly as a function of the horizontal 

distance and vertical height (p = 0.000, η2 = 0.166), as a function of the torso asymmetry and 

vertical height (p = 0.000, η2 = 0.877), and as a function of torso asymmetry and horizontal 

distance (p = 0.000, η2 = 0.759).  

 

Figure 4.7 Recording the lifting tasks using 30° webcam 

Follow-up Tukey HSD post-hoc tests on the significant interactions are shown in Figures 

4.8 through 4.10.  For the significant horizontal distance by vertical height interaction (Figure 4.8), 

the moment arm differences between the motion capturing system and VAS were significantly 

different between the waist and knee heights for both horizontal distances with the knee height 

resulting in larger measurement error.  For the significant torso asymmetry angle by vertical height 
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interaction (Figure 4.9), the moment arm differences between the motion capturing system and 

VAS were significantly different between the waist and knee heights for the sagittally symmetric 

tasks (i.e., 0° torso asymmetry) as well as the 30° torso asymmetry, again with knee height resulting 

in larger measurement error.  Tukey HSD post-hoc test also showed that the moment arm 

differences between the two measurement approaches were significantly different between the 

close and far distances only for the sagittally symmetric tasks (Figure 4.10), with the far horizontal 

distance resulting in larger measurement error. 

TABLE 4.5  

ANOVA: MEASUREMENT DIFFERENCES BETWEEN MOTION CAPTURE AND VAS 

FROM THE 30° WEBCAM 

 

Source 
Type III Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Partial Eta 

Squared 

Corrected Model 87188.955a 239 364.807 335.565 .000 .997 

Intercept 143530.517 1 143530.517 132025.334 .000 .998 

Subject 21.608 19 1.137 1.046 .409 .076 

Vertical 7064.838 1 7064.838 6498.532 .000
*
 .964 

Horizontal 312.503 1 312.503 287.453 .000
*
 .545 

Asymmetric 76937.933 2 38468.966 35385.354 .000
*
 .997 

Subject * Vertical 14.053 19 .740 .680 .837 .051 

Subject * Horizontal 9.417 19 .496 .456 .977 .035 

Subject * Asymmetric 23.891 38 .629 .578 .978 .084 

Vertical * Horizontal 51.877 1 51.877 47.718 .000
*
 .166 

Vertical * Asymmetric 1861.683 2 930.841 856.227 .000
*
 .877 

Horizontal * Asymmetric 823.117 2 411.558 378.568 .000
*
 .759 

Error 260.915 240 1.087    

Total 230980.386 480     

Corrected Total 87449.869 479     

a. R Squared = .997 (Adjusted R Squared = .994) 

* Significant effect at an alpha of 0.05 
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Figure 4.8 Difference in moment arm measurements as a function of horizontal distance and 

the vertical height (30° webcam) (error bars represent +/- 1 SD) 

(* significantly different at α = 0.05) 

 

Figure 4.9 Difference in moment arm measurements as a function of torso asymmetry and the 

vertical height (30° webcam) (error bars represent +/- 1 SD) 

(* significantly different at α = 0.05) 
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Figure 4.10 Difference in moment arm measurements as a function of torso asymmetry and 

the horizontal distance (30° webcam) (error bars represent +/- 1 SD) 

(* significantly different at α = 0.05) 

4.3.2.2 VAS Measurements Using Videos via 60° webcam   

For moment arm measurement differences between the VAS (using the 60° webcam 

video recordings as in Figure 4.11) and motion capturing system, the ANOVA showed three 

significant two-way interactions (Table 4.6).  The moment arm differences varied significantly 

between the two approaches as a function of the horizontal distance and vertical height (p = 

0.000, η2 = 0.342), as a function of torso asymmetry and vertical height (p = 0.000, η2 = 0.888), 

and as a function of torso asymmetry and horizontal distance (p = 0.000, η2 = 0.276).  

 

 Figure 4.11 Recording the lifting tasks using 60° webcam 
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Results of the Tukey HSD post-hoc follow-up tests on the significant interactions are shown 

in Figures 4.12 through 4.14.  For the significant difference as a function horizontal distance with 

respect to vertical height interaction (Figure 4.12), the moment arm differences between the motion 

capturing system and VAS were significantly different between the waist and knee heights only for 

the close lifting conditions with the knee height resulting in larger errors.  For the torso asymmetric 

angle by vertical height interaction (Figure 4.13), the moment arm differences between the motion 

capturing system and VAS were significantly different between the waist and knee heights only for 

the sagittally symmetric tasks (i.e., 0° torso asymmetry) with the knee height resulting in larger 

errors.  Although the overall F-test for the 60° webcam angle showed a significant horizontal 

distance by torso asymmetry interaction, follow-up Tukey HSD post-hoc test failed to find specific 

significant differences (Figure 4.14). 

TABLE 4.6  

ANOVA: MEASUREMENT DIFFERENCES BETWEEN MOTION CAPTURE AND VAS 

FROM THE 60° WEBCAM 

* Significant effect at an alpha of 0.05 

Source 
Type III Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Partial Eta 

Squared 

Corrected Model 12806.653a 239 53.584 56.806 .000 .983 

Intercept 17683.974 1 17683.974 18747.136 .000 .987 

Subject 19.060 19 1.003 1.063 .390 .078 

Vertical 397.980 1 397.980 421.906 .000* .637 

Horizontal .491 1 .491 .520 .471 .002 

Asymmetric 10249.482 2 5124.741 5432.841 .000* .978 

Subject * Vertical 24.993 19 1.315 1.395 .130 .099 

Subject * Horizontal 9.402 19 .495 .525 .950 .040 

Subject * Asymmetric 15.815 38 .416 .441 .998 .065 

Vertical * Horizontal 117.582 1 117.582 124.651 .000* .342 

Vertical * Asymmetric 1797.605 2 898.803 952.839 .000* .888 

Horizontal * Asymmetric 86.116 2 43.058 45.646 .000* .276 

Error 226.389 240 .943    

Total 30717.017 480     

Corrected Total 13033.043 479     

a. R Squared = .983 (Adjusted R Squared = .965) 
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Figure 4.12 Difference in moment arm measurements as a function of horizontal distance and 

the vertical height (60° webcam) (error bars represent +/- 1 SD) 

(* significantly different at α = 0.05) 

 

Figure 4.13 Difference in moment arm measurements as a function of torso asymmetry and 

the vertical height (60° webcam) (error bars represent +/- 1 SD) 

(* significantly different at α = 0.05) 
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Figure 4.14 Difference in moment arm measurements as a function of torso asymmetry and 

the horizontal distance (60° webcam) (error bars represent +/- 1 SD) 

4.3.2.3 VAS Measurements from Videos via 90° Webcam   

For moment arm measurement differences between the VAS (using the 90° webcam 

video recordings as in Figure 4.15) and motion capturing system, the ANOVA indicated two 

significant two-way interactions (Table 4.7).  The moment arm differences varied significantly 

as a function of the horizontal distance and vertical height (p = 0.000, η2 = 0.071).  A significant 

difference was also present as a function of the torso asymmetry and vertical height (p = 0.000, 

η2 = 0.945).  

 

Figure 4.15 Recording the lifting tasks using 90° webcam 
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Results of the follow-up Tukey HSD post-hoc tests on the significant interactions are shown 

in Figures 4.16 and 4.17.  The moment arm differences between the motion capturing system and 

VAS were significantly different between the waist and knee heights at both lifting distances (i.e., 

far and close) (see Figure 4.16), with the knee height providing larger measurement error than at 

waist height.  The moment arm differences between the two measurement methods were 

significantly different between the two vertical heights in the case of 60° torso asymmetry (Figure 

4.17), again the knee height resulting in larger measurement error than at waist height. 

TABLE 4.7  

ANOVA: MEASUREMENT DIFFERENCES BETWEEN MOTION CAPTURE AND VAS 

FROM THE 90° WEBCAM 

 

Source 
Type III Sum of 

Squares 
Df 

Mean 

Square 
F Sig. 

Partial Eta 

Squared 

Corrected Model 17279.669a 239 72.300 35.708 .000 .973 

Intercept 8668.045 1 8668.045 4281.049 .000 .947 

Subject 5.110 19 .269 .133 1.000 .010 

Vertical 2169.413 1 2169.413 1071.449 .000
*
 .817 

Horizontal 17.492 1 17.492 8.639 .004
*
 .035 

Asymmetry 6475.859 2 3237.929 1599.177 .000
*
 .930 

Subject * Vertical 5.026 19 .265 .131 1.000 .010 

Subject * Horizontal 6.283 19 .331 .163 1.000 .013 

Subject * Asymmetric 7.287 38 .192 .095 1.000 .015 

Vertical * Horizontal 37.158 1 37.158 18.352 .000
*
 .071 

Vertical *Asymmetry 8427.738 2 4213.869 2081.182 .000
*
 .945 

Error 485.939 240 2.025    

Total 26433.653 480     

Corrected Total 17765.608 479     

a. R Squared = .973 (Adjusted R Squared = .945) 

* Significant effect at an alpha of 0.05 
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Figure 4.16 Difference in moment arm measurements as a function of horizontal distance and 

the vertical height (90° webcam) (error bars represent +/- 1 SD) 

(* significantly different at α = 0.05) 

 
 

Figure 4.17 Difference in moment arm measurements as a function of torso asymmetry and 

the vertical height (90° webcam) (error bars represent +/- 1 SD) 

(* significantly different at α = 0.05) 

4.3.3 Measurement Input in NIOSH Lifting Equation Assessment Method 

Moment arms measured via VAS using video recordings from different cameras (i.e., 

30°, 60°, and 90° webcams) as well as those measured via the motion capturing system (i.e., 

Motion Analysis) were used as inputs, along with other variables, into the NIOSH Lifting 

Equation assessment method to determine the NIOSH LI for the lifting tasks.  Only lift origin 
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tasks were assessed using NIOSH Lift Equation.  Table 4.8 shows the mean LI values for the 

two lifting trials for each lifting condition when the moment arms were measured by the twenty 

participants via VAS using video recordings from the various camera orientations.  As shown 

in this table, assessing various lifting tasks using video recordings from the 30° webcam 

resulted in a similar risk category level as the motion capturing system assessment for the 

examined lifting tasks except for four lifting conditions (tasks# 9 through 12) where the risk 

was underestimated.  These lifting conditions were sagittally lifting tasks (i.e., 0° torso 

asymmetry).  Using moment arms measured from video recording via the 90° and 60° webcam 

as input into the NIOSH Lifting Equation resulted in a low back injury risk category level (1.0 

≤ LI < 3.0 = moderate risk) similar to the assessment obtained with the motion capturing system 

moment arm measurements.  

The nonparametric Wilcoxon test was used to test for statistical differences in the 

NIOSH Lifting Equation assessment risk category outcomes when using the moment arms 

measured from video recordings via various webcams angles and those measured through the 

motion capturing system.  The results showed that the NIOSH LI risk category varied 

significantly (p = 0.046) from the motion capturing system assessment when using moment 

arms measured from video recordings via the 30° webcam, which according to Table 4.8, 

occurred only for the sagittally-symmetric lifting tasks.  However, it was demonstrated that 

there was no statistically significant difference (p = 1.00) in NIOSH LI risk category outcomes 

when using the moment arm measured via the motion capturing system method and via the 

recorded videos from both 60° and 90° webcam angles as inputs into NIOSH Lifting Equation 

assessment method.    
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TABLE 4.8  

NIOSH LIFTING EQUATION LIFT INDEX (LI): LIFT ORIGIN 

Task 
Vertical 

Location 

Horizontal 

Zone 

Torso 

Asymmetry (deg)  

NIOSH Lifting Index 

Motion 

Capture 

VAS (30° 

Cam) 

VAS (60° 

Cam) 

VAS (90° 

Cam) 

1 Waist  Far 60 2.3 2.2 2.5 2.3 

2 Waist Close 60 1.9 1.9 2.1 2.0 

3 Knee Far 60 2.5 2.4 2.6 1.9 

4 Knee Close 60 2.1 2.0 2.0 1.5 

5 Waist  Far 30 2.2 1.8 2.1 2.3 

6 Waist  Close 30 1.8 1.5 1.8 1.9 

7 Knee Far 30 2.5 1.8 2.4 2.5 

8 Knee Close 30 2.0 1.3 1.9 2.0 

9 Waist  Far 0 1.8 1.0 1.5 1.8 

10 Waist  Close 0 1.3 0.7 1.1 1.3 

11 Knee Far 0 2.2 0.9 1.7 2.2 

12 Knee Close 0 2.7 0.6 1.3 1.7 

• Values in orange color represent moderate risk of low back injury (1.0<LI≤3.0), according to NIOSH 

• Values in green color represent low risk of low back injury (LI≤1.0), according to NIOSH 

• Cam = camera, Horizontal distances: Far = 70 cm and Close = 50 cm, Vertical heights: Waist height and 

Knee height, Torso asymmetric angles: 0° (sagittal lifting), 30°, and 60° 

 

4.3.4 Measurement Input in LiFFT Assessment Method 

Similar to the assessment using the NIOSH Lifting Equation method, moment arms 

measured via VAS using video recordings from various webcams angles as well as those 

measured via the motion capturing system all were used as inputs, along with other variables, 

into the LiFFT assessment method (Gallagher et al., 2017) to determine the probability of high 

LBD risk for the various lifting tasks.  Moment arms for lift origin tasks were greater than those 

for lift destination, and thus, lift origin tasks were assessed using LiFFT assessment method.  

As shown in Table 4.9, assessing various lifting tasks using moment arms measured via video 

recording from the 30° and 60° webcams resulted in a similar risk category level, as the motion 

capturing system assessment for all the assessed tasks.  Using moment arms measured using 

video recordings from the 90° webcam as inputs into LiFFT resulted in a job probability risk 

level similar to the assessment obtained with the motion capturing system moment arm 

measurements except for two of the lifting tasks (tasks# 5 and 7) where the risk was 
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overestimated.  However, the magnitudes of the difference in the risk probability were minimal 

(1.9% for the first task and 0.5% for the second task), which could be negligible.     

The nonparametric Wilcoxon Signed Rank test revealed that there were no statistically 

significant differences in LiFFT assessments when using the moment arms measured via the 

motion capturing system and via the video recordings from both 30°, 60°, and 90° webcams as 

inputs into LiFFT assessment method.   

TABLE 4.9  

LIFFT HIGH-RISK JOB PROBABILITY: LIFT ORIGIN 

Task 
Vertical 

Zones 
Horizontal 

Zones 
Torso 

Asymmetric (deg)  

LiFFT Risk% 

Motion 

Capture 
VAS (30° 

Cam) 
VAS (60° 

Cam) 
VAS (90° 

Cam) 

1 Waist  Far 60 47.1% 46.7% 49.5% 47.1% 

2 Waist Close 60 43.5% 42.9% 45.1% 44.1% 

3 Knee Far 60 47.5% 46.5% 47.8% 40.4% 

4 Knee Close 60 43.3% 41.6% 42.2% 37.1% 

5 Waist  Far 30 48.8% 44.2% 48.8% 50.7% 

6 Waist  Close 30 44.1% 40.2% 43.9% 45.9% 

7 Knee Far 30 50.0% 41.6% 48.9% 50.5% 

8 Knee Close 30 44.6% 36.6% 42.9% 44.2% 

9 Waist  Far 0 46.8% 35.1% 42.8% 46.8% 

10 Waist  Close 0 40.2% 31.2% 36.9% 40.1% 

11 Knee Far 0 49.1% 33.6% 43.0% 49.3% 

12 Knee Close 0 43.2% 29.9% 37.4% 43.2% 

• Values in red color represent high risk of low back injury (Risk%>50), according to LiFFT 

• Values in orange color represent moderate risk of low back injury (25≤Risk%≤50), according to LiFFT 

• Horizontal distances: Far = 70 cm and Close = 50 cm, Vertical heights: Waist height and Knee height, 

Torso asymmetric angles: 0° (sagittal lifting), 30°, and 60° 

4.3.5 VAS Moment Arm Measurements Inter-Rater Reliability  

The intraclass correlation coefficient (ICC) was utilized to examine the VAS inter-rater 

reliability in measuring the lifting moment arm at the lift origin using video recordings from 

the three camera orientations.  ICC values are tabulated in Table 4.10. 

TABLE 4.10  

ICC FOR VAS MOMENT ARM MEASUREMENTS AT THE ORIGIN OF THE LIFT VIA 

THE VARIOUS WEBCAM ANGLES  

Webcam Angles 

30° 60° 90° 

1.0 1.0 1.0 
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4.3.5.1 ICC for Lift Origin Measurements from Videos via 30° webcam 

The participant (i.e., the lifter) hip area was not visible in videos recorded from the 30° 

orientation camera every time the participant placed the load at the destination table, which did not 

allow for moment arm measures in this case.  Thus, moment arms at the destination are not 

included.  Mean (SD) moment arm distances for lift origin tasks were measured by all participants 

via VAS using video recordings from the 30° webcam are tabulated.  The results revealed excellent 

reliability (ICC = 1.0) of the moment arm measurements obtained by the twenty participants via 

VAS using video recordings from the 30° webcam. Figure 4.18 shows the moment arm 

measurements made by the participants for each of the lifting conditions.  

 

Figure 4.18 Raters lift origin moment arm measurements via VAS (30° webcam) 

4.3.5.2 ICC for Lift Origin Measurements from Videos via 60° webcam 

Mean (SD) moment arm distances for lift origin tasks were measured by the twenty 

participants via VAS using video recordings from the 60° webcam.  The results revealed excellent 

reliability (ICC = 1.0) of the moment arm measurements obtained by the participants via VAS 

using video recordings from the 60° webcam.  Figure 4.19 shows the moment arm measurements 

made by all the participants for each of the lifting conditions.  
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Figure 4.19 Raters lift origin moment arm measurements via VAS (60° webcam) 

4.3.5.3 ICC for Lift Origin Measurements from Videos via 90° webcam 

Mean (SD) moment arm distances for lift origin tasks were measured by the twenty 

participants via VAS using video recordings from the 90° webcam.  The results revealed 

excellent reliability (ICC = 1.0) of the moment arm measurements obtained by the twenty 

participants via VAS using video recordings from the 90° webcam.  Figure 4.20 shows the 

moment arm measurements made by all participants for each of the lifting conditions. 

 

Figure 4.20 Raters lift origin moment arm measurements via VAS (90° webcam) 
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4.4 Discussion  

4.4.1 Accuracy and Reliability of VAS Moment Arm Measurements 

Moment arm measurements via VAS obtained from the 90° webcam videos showed the 

highest measurement accuracy (i.e., lowest AAE) for the various lifting conditions compared 

to measurements using videos from the 30° and 60° webcams.  Also, the results demonstrated 

that measuring the moment arm using the VAS approach for lifting tasks at knee levels resulted 

in greater measurement error as compared to waist lifting height.  This error could be due to 

the different measurement strategies for knee and waist lifting heights.  Measuring the moment 

arm for lifting tasks from waist height represents the direct horizontal line between the iliac 

crest the hand.  However, the moment arm for lifting from the knee height represents the 

horizontal line between the iliac crest and the projection location of the hand at the level of the 

waist height (see Figure 4.21), which may have led to the increased measurement error.  Similar 

patterns (i.e., greater errors at the knee height) were found in the previous Chapter (i.e., Chapter 

#4) for manual moment arm measurements.  The reliability test demonstrated excellent 

intraclass correlation coefficient, which indicates that the utilized VAS approach is reliable to 

use to measure moment arms for various lifting conditions.  

 

Figure 4.21 The projection location of the hand at the level of the waist height via VAS 
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4.4.2 Identifying the Ideal Webcam Angle 

Since the utilized VAS is a two-dimensional analysis software, the accuracy of the VAS 

measurements depends on the camera view with respect to the main joint of interest of the 

captured individual’s body.  Several studies showed that the more perpendicular view to the 

participant’s sagittal plane the higher the accuracy of the identified working postures through 

video-based analysis approaches (Chang et al., 2010; Lowe et al., 2014; Xu et al., 2011).  In 

the current study, the view of the camera that was oriented at 90° to the left side of the lifter 

was almost perpendicular to his left arm while he was sagittaly lifting the box (i.e., 0° torso 

asymmetry) from the origin table as well as placing it on the destination table.  Also, the view 

of the camera that was oriented at 60° to the left side of the lifter was almost perpendicular to 

his arm while lifting the box that was located at 30° to his right side.  Finally, the view of the 

camera that was located at 30° to the left side of the lifter was almost perpendicular to his arm 

while lifting the load from 60° to the right side of his sagittal plane.  

One can notice from the AAE's tabulated in Table 4.11 that lift origin moment arm 

measurements using videos recorded from webcams with a line of sight perpendicular to the 

lifter’s forearm during lifting resulted in more accurate measurements.  The AAE for 

measurements using 90° webcam recordings was 0.51 cm, for sagittal lifting tasks.  The AAE 

for measurements using 60° webcam recordings was 2.15 cm for 30° asymmetric lifting tasks.  

Furthermore, the AAE for measurements using 30° webcam recordings was 2.41 cm, for 60° 

asymmetric lifting tasks.  Thus, for the field assessment of various asymmetric lifting tasks, 

practitioners are recommended to place different cameras so the line of sight of each camera 

can be as perpendicular as possible to the worker’s forearm while picking or placing the load 

at each asymmetric angle.  If using only one camera to record the lifting tasks, practitioners 

may need to capture the lifting from one angle (with camera view perpendicular to the forearm) 

and change the camera location with respect to the worker's forearm during lifting at each 
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asymmetric lifting angle.  That will enable for more convenient moment arm measurements 

with higher accuracy as compared to the manual measurements that are associated with a higher 

measurement error (i.e., 6.21 cm) as was demonstrated in the previous study (chapter 3).  Also, 

based on the utilized lifting assessment method, practitioners need to determine where to place 

the camera to record the required lifting conditions (i.e., lift origin or destination).  In case of 

assessing lifting tasks using NIOSH Lift Equation, then, only lift origins can be assessed and 

lift origin moment arms need to be measured.  Using other lifting assessment method such as 

LiFFT, only maximum moment arms need to be measured, and thus, practitioners may 

determine which lifting conditions (i.e., lift origin or destination) represents the longer 

horizontal distance between the load and the lifter.  

4.11 ACCURACY OF THE VAS MOMENT ARMS: WEBCAM LINE OF SIGHT 

PERPENDICULAR TO THE LIFTER’S FOREARM 

Webcam Angle (deg) 
Torso Asymmetric 

(deg) 
AAE (cm) 

90 0 0.51 

60 30 2.15 

30 60 2.41 

4.4.3 NIOSH Assessment Outcomes 

To the best of the researcher’s knowledge, this is the first study to use moment arms 

measured via the VAS as inputs into lifting assessment tools (i.e., NIOSH and LiFFT).  The 

lifting assessment outcomes when using the VAS moment arm measurements were compared 

to the lifting assessment outcomes when using the motion capturing system moment arm 

measurements as inputs.  It was demonstrated that using moment arms measured from videos 

recorded using the 60° and 90° webcam as inputs into NIOSH Lifting Equation method showed 

a risk category outcome that was in agreement to the risk category outcome obtained when 

using the motion capturing system moment arm measurements as inputs into NIOSH Lift 

Equation. 
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Using video recordings from the 30° webcam resulted in a similar risk category level 

as compared to the motion capturing system assessment for all the lifting tasks except for four 

symmetric (0° torso asymmetry) tasks at the two lifting horizontal distances and two vertical 

heights, where the risk was underestimated.  The nonparametric Wilcoxon test showed that 

there were no statistically significant differences in NIOSH assessment outcomes when using 

the moment arm measured via the motion capturing system method and via VAS using videos 

from both 60° and 90° webcams as input into NIOSH assessment method.  Whereas, the 

assessments varied significantly from the motion capturing system assessment when using 

moment arms measured through video recordings using the 30° webcam.  The findings 

suggested that practitioners may video record similar lifting conditions using cameras with a 

line of sight perpendicular to the lifter’s forearm during lifting.  Using these video recordings 

should enable the practitioners to accurately measure the moment arm via the VAS approach 

to assess lifting jobs for the potential risk of LBD using the NIOSH Lifting Equation 

assessment method.  

Findings from the current study also showed that large errors of the measured moment 

arms may not influence the risk category outcomes.  For instance, moment arm measurements 

in the current study for lift origin tasks numbers 7 and 8 obtained via videos recorded from the 

30° webcam were associated with errors of 21.4 cm and 21.2 cm, respectively.  The resulting 

LI values for these two tasks (i.e., 7 and 8) were 1.8 and 1.3, respectively, as compared to the 

LI values of 2.5 and 2.0 when using moment arms measured via the motion capturing system.  

Even though the LI difference magnitude was 0.7 for both tasks, these tasks were classified as 

a moderate OLBD risk category when using moment arm measurements from the two 

approaches (VAS-30° webcam and motion capturing system).  Thus, the current study 

demonstrated that moment arm measurement errors influenced the resulting LI values (i.e., 
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large LI difference magnitude), however, no influence was demonstrated upon the risk category 

outcomes under the examined lifting conditions.    

4.4.4 LiFFT Assessment Outcomes 

It was demonstrated that assessing various lifting tasks using video recordings from the 

60° and 30° webcams resulted in a similar risk category level as for the motion capturing 

system lifting assessment outcomes for all the assessed tasks.  On the other hand, it was shown 

that using moment arms measured via VAS using video recordings from the 90° webcam as 

input into LiFFT resulted in a risk category level that was in agreement with the assessment 

outcomes obtained with the motion capturing system moment arm measurements except for 

two of the lifting tasks where the risk levels were overestimated.  Both tasks were with torso 

asymmetry of 30° and far horizontal distance condition.  The first task was lifting from waist 

height, while the other was at knee height.  The magnitudes of the difference in the risk 

probability were minimal (1.9% for the first task and 0.5% for the second task), which could 

be negligible.  The nonparametric Wilcoxon test demonstrated that there were no statistically 

significant differences between VAS (using videos from 30° 60°, and 90° webcams) and the 

motion capturing system method in LiFFT assessment.  The results suggested that practitioners 

may record similar lifting tasks utilizing cameras with a line of sight perpendicular to the lifter’s 

forearm during lifting.  Using these video recordings should enable for accurate moment arm 

measurements via the VAS to accurately assess lifting jobs for the potential risk of LBD using 

LiFFT lifting assessment method.  

The findings showed that LiFFT risk probabilities were sensitive to moment arm 

measurement errors.  However, it was demonstrated that LiFFT risk category outcomes were 

not sensitive to moment arm measurement errors under the examined lifting conditions.  For 

instance, moment arm measurements for lift origin tasks numbers 7 and 8 obtained via videos 

recorded from the 30° webcam were associated with errors of 21.4 cm and 21.2 cm, 
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respectively.  The resulted risk probabilities for these two tasks (i.e., 7 and 8) were 41.6% and 

36.6%, respectively, as compared to the risk probabilities of 50% and 44.6% when using 

moment arms measured via the motion capturing system.  Even though the risk probabilities 

difference magnitudes were 8.4% and 8% for tasks number 7 and 8, respectively, these tasks 

were classified as moderate OLBD risk category when using moment arm measurements from 

the two approaches (VAS-30° webcam and motion capturing system).   

4.4.5 Limitations   

When reviewing findings from the current study, several limitations must be 

considered.  First, two frames from each video recording were predetermined by the researcher 

for each lifting condition.  These specific frames represent the lift origin (i.e., the instance 

before the box was moved from the origin table) and lift destination (i.e., the instance when the 

box was settled on the destination table) for each lifting condition.  The participants used the 

specific frames to measure the moment arm via the VAS approach.  However, the start and end 

of each lift were apparent in each video.  Thus, if the participants used video recordings to 

measure the moment arms, that may not result in significantly different measurements.  Second, 

the participants likely took the advantage of the attached reflective markers as visual cue’s to 

help them locate the lifter’s iliac crest and the 3rd knuckle on the hand as well as the lifter’s left 

medial epicondyle and left ulnar styloid process to drag a line on the screen between these 

points for the moment arm measurement and the calibration measure, respectively, using the 

VAS approach.  Performing these measurements with no markers on the potential body parts 

may impact the moment arm measurement accuracy and use in the assessment methods.  Third, 

the three webcams used to record the lifting tasks to enable for VAS moment arm 

measurements were located at a fixed distance (i.e., 250 cm) away from the lifter.  A closer or 

farther distance may have shown different accuracy levels.  Finally, the experiment was 

conducted in a controlled laboratory setting.  Undertaking it in the field where several factors, 
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such as lighting, lifting speed, and obstructing objects, among others, are not being controlled 

may show different results.  Lowe et al. (2014) explained that the amount of light and contrast 

between the worker and the capturing area could impact the video-based posture observations.     

4.5 Conclusion 

It can be concluded that utilizing video recordings from the 90° webcam configuration 

enabled for the highest moment arm measurement accuracy via VAS technology as compared 

to VAS moment arm measurement accuracy using video recorded from the 60° and 30° 

webcams.  High accuracy of the VAS moment arm measurements was obtained using video 

recordings via webcams with a line of sight almost perpendicular to the lifter’s forearm during 

lifting.  Finally, it was demonstrated that using VAS moment arm measurements as inputs into 

NIOSH Lifting Equation (using videos recorded from 90° and 60° webcams) and LiFFT (using 

videos recorded from the three webcam angles) assessment tools resulted in similar risk 

category outcomes as compared to the risk category outcomes when using the motion capturing 

system moment arm measurements as inputs into these assessment tools.  
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CHAPTER 5 

THE IMPACT OF CAMERA HEIGHT UPON MOMENT ARM MEASUREMENTS  

5.1 Introduction 

Occupational low back disorders (OLBDs) such as herniated disc as well as muscle 

strain and sprain have been a costly matter due to the impact on workers’ health, productivity, 

and absenteeism, among others.  Dagenais et al. (2008) estimated that the annual direct medical 

expenses of low back disorder (LBD) in the United States are between $12.2 to $90.6 billion.  

The cost of total productive time lost due to OLBDs in the United States workforce has been 

estimated to be about $19.8 billion annually (Stewart et al., 2003).  It has been shown that 

manual material handling (MMH) jobs account for between 50% and 75% of overall back 

injuries (Bigos et al., 1986; Snook, 1989; Spengler et al., 1986). 

Spinal muscle coactivity as well as compression and shear forces on the intervertebral 

discs are expected to increase as the external moment increases during MMH tasks.  It has been 

shown that the majority of the forces acting on the L5/S1 disc are due to forces generated by 

the muscles to counteract the loading from the increased external load forces (Marras et al., 

1995).  Several studies have shown the association between the risk of LBD and low back 

moments (Davis & Marras, 2005; Lavender et al., 2012; Marras et al., 2009; Norman et al., 

1998).  The external low back moment is the combination of the load weight and the horizontal 

distance between the load and the lifter (Gallagher et al., 2017; Jorgensen et al., 2004; Marras, 

1995; Marras et al., 1995; Marras et al., 1993; Potvin et al., 1992) (see Figure 5.1).  Various 

lifting assessment tools have been developed to assess and control the risk factors that expose 

workers to OLBDs in lifting jobs.  Some assessment tools include the revised 1991 National 

Institute for Occupational Safety and Health (NIOSH) Lifting Equation (Waters et al., 1993); 

the American Conference of Governmental Industrial Hygienists (ACGIH) Threshold Limit 

Values (TLVs) for Lifting (ACGIH, 2007); and the Lifting Fatigue Failure (LiFFT) (Gallagher 
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et al., 2017).  Almost all existing assessment tools utilize external moment factors such as 

moment arm and the load weight as inputs into the assessment methods. 

 

Figure 5.1 The external moment  

It is important to accurately quantify the moment arm during lifting to evaluate the risk 

of OLBD in lifting jobs.  For decades, researchers used a tape measure to manually measure 

the moment arm (Allread et al., 2000; Davis & Anés, 2014; Davis & Marras, 2000; Gallagher 

et al., 2017; Jorgensen et al., 2004; Lavender et al., 2012; Marras et al., 1993; Potvin et al., 

1992; Waters et al., 1993).  However, it has been demonstrated that it is difficult to manually 

measure the moment arm, especially for high-speed lifting tasks with  a high variation in lifting 

conditions such as lift height and horizontal distance (Marras et al., 2010).   

Marras et al. (2010) applied a magnetic tracking system to measure the moment arm 

during lifting.  The magnetic system provided moment arm measurements with an average 

absolute error (AAE) of 4.1 cm.  However, several researchers demonstrated that tracking 

position using magnetic tracking technology could suffer distortion arising from the 

surrounding metallic structures or other conductive materials (Kindratenko, 2000; Marras et 

al., 2010; Welch & Foxlin, 2002), which could result in moment arm measurement errors, and 

thus, overestimate or underestimate the OLBD risk. 

Motion capturing systems such as Motion Analysis, VICON, and Optotrak could be 

used to accurately determine the moment arm (Faber et al., 2009; Ning et al., 2014; Plamondon 
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et al., 2014).  However, these systems are costly, require long setup time, and difficult to 

transfer to field settings (i.e., designed for lab settings).  A few studies have determined the 

moment arm during lifting using video-based monitoring systems (Coenen, Kingma, Boot, 

Bongers, et al., 2013; Coenen et al., 2011).  Thus, video recordings from surveillance cameras 

in workplaces might be able to used to measure the moment arms during lifting using the VAS 

approach rather than locating additional cameras in the work area.  However, it is not known 

how camera height would affect the accuracy of moment arm measurement.  Therefore, the 

objective of the current study was to determine the impact of different camera heights upon the 

accuracy of the VAS moment arm measurements. 

5.2 Methods 

5.2.1 Approach 

This study was conducted to examine the effect of camera height on VAS moment arm 

measurement accuracy.  Thus, two webcams were fixed at two different heights from the floor 

(i.e., 100 cm; 200 cm), while maintaining the same distance and angle for both webcams with 

respect to the participant initial posture.  The lifting tasks were simultaneously captured using 

the motion capturing system.   

5.2.2 Participant 

A male college student (age = 31 years; body mass = 72 kg; stature = 171 cm) was 

recruited to voluntarily perform the lifting tasks.  The lifter was free from any previous back, 

shoulder, elbow, wrist or lower extremity surgery, or injury to the shoulder or low back within 

the last six months. 

5.2.3 Apparatus 

The KinoveaTM VAS installed on a computer in the Human Biomechanics Design Lab 

was used to measure the moment arm using the recorded videos.  Two webcams (connected 

with the Motion AnalysisTM system) were fixed on tripods on top of each other and utilized to 
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record the lifting trials (Figure 5.2).  Each webcam line of sight was set to be perpendicular to 

the lifter’s forearm at the initial position (i.e., sagittally symmetric).  Video recordings from 

the two webcams were used to measure the moment arms for the various lifting conditions.  

Additionally, a 15-camera motion capturing system (Motion AnalysisTM) was utilized to 

capture the lifting motions.  Adhesive reflective markers were placed on various body locations 

utilizing adhesive tape, including the third metacarpal-phalangeal joint (knuckle) of the hand 

(right and left), iliac crest (right and left), and ankle (right and left) (see Figure 5.3).  These 

reflective markers are necessary for the motion capture system to pick these locations up in 

three-dimensional space, using a sampling rate of 100 Hz.  Two additional reflective markers 

were attached to the lifter’s medial epicondyle and ulnar styloid process (elbow and wrist, 

respectively) on the lifter’s left arm, which were necessary for the calibration of the video 

analysis system (see Figure 5.3).  

A survey of numerous lifting and lowering tasks showed that the 50th percentile of the 

lifting load weights was 9.5 kg (Dempsey, 2003).  Thus, the study utilized a container (40.1 x 

26.2 x 17.8 cm) loaded with a weight of 9.5 kg that was lifted from the origin of the lift to a 

common destination.  A height-adjustable table was utilized at the origin of the lift, and another 

height-adjustable table was utilized at the lift destination fixed at one location in front of the 

participant.  A tape measure and a protractor were utilized to determine the lift origin and the 

webcams locations horizontally and asymmetrically, respectively, with respect to the mid-point 

between the performer’s inner ankles.  Finally, tape was utilized to draw lines on the floor to 

mark the locations of the two webcams, a destination, and various lift origins.   
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Figure 5.2 Two webcam heights (low = 100 cm; high = 200 cm) 

 

Figure 5.3 Reflective markers placement 

5.2.4 Study design  

Figure 5.4 demonstrates different lift origin locations (horizontally and asymmetrically) 

and a common lift destination.  A height-adjustable table was utilized as the origin of the lift 

that was adjusted at two vertical heights in which the container handles were set at lifter’s knee 

height (i.e., low height = 50 cm above the floor) and waist height (i.e., high height = 94 cm 

above the floor).  The selected low and high lifting heights represented the mid-shin to knuckle 

and knuckle to below shoulder vertical zones, respectively, described in the lifting assessment 
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tool by ACGIH (2007).  A survey of various lifting and lowering tasks showed that the 50th 

and 90th percentiles of the vertical lifting heights were 76.2 cm and 104.1 cm, respectively 

(Dempsey, 2003).  The origin of the lift was positioned at two different horizontal distances 

from the mid-point between the lifter’s ankles, at 50 cm (close) and 70 cm (far).  The selected 

horizontal distances represented the intermediate and extended lifting horizontal zones in the 

ACGIH Threshold Limit Values (TLVs) tables (ACGIH, 2007).  The origin of the lift was 

located at three different torso asymmetry angles away from the sagittal plane.  Dempsey 

(2003) demonstrated that 90th percentile of lifting tasks occurs with torso asymmetry of 45° 

away from the sagittal plane.  The torso asymmetry angles examined in the current study 

included 30° and 60° to the right as well as 0° (i.e., sagittally symmetric lifting).  A common 

destination location was positioned in front of the lifer, where the container handles were set 

at the lifter’s waist height (i.e., 94 cm).   

 

Figure 5.4 Experimental setup 

Two recording webcams were utilized.  The two webcams were fixed at two different 

heights from the floor (i.e., 100 and 200 cm) (see Figure 5.2), and both were positioned at the 

same distance and angle (i.e., 250 cm and 90°, respectively) with respect to the participant 

starting lifting posture.  
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5.2.5 Procedures 

Upon arrival to the lab, the study procedures and objectives were explained to the lifter.  

He was then asked to review and sign an informed consent form approved by the Wichita State 

University Institutional Review Board for Human Subjects Research.  Demographics (age) and 

anthropometry data (i.e., body mass and stature) were then collected from the lifter.  Reflective 

markers were then attached on the lifter’s body parts.  Next, the participant randomly 

performed various lifting tasks, as listed in Table 5.1.  

To simulate lifting tasks performed in the workplaces, no instructions on the lifter’s feet 

positions nor specific lifting styles were given to the lifter.  An automatic alarm generator 

software installed on a computer was used to control the lift rate.  The software was set to 

generate a tone every 30 seconds, which represents a lift rate of two lifts per minute.  The lifter 

was instructed to start the lift each time the tone sounded.   

TABLE 5.1  

LIFTING CONDITIONS 

Lifting Conditions Vertical Zone Horizontal Zone Torso Asymmetry (deg) 

1 Waist Far 60 

2 Waist Close 60 

3 Knee Far 60 

4 Knee Close 60 

5 Waist Far 30 

6 Waist Close 30 

7 Knee Far 30 

8 Knee Close 30 

9 Waist Far 0 

10 Waist Close 0 

11 Knee Far 0 

12 Knee Close 0 

The two webcams as well as the motion capturing system simultaneously recorded each 

lifting trial to determine the horizontal distance between the approximate lifter’s iliac crest 

location and the 3rd knuckle on the hand at the instant the lifter’s hands touched the box to lift 

it (lift origin moment arm) as well as the instant he placed the box on the destination table (lift 

destination moment arm).  The researcher started the motion capture data collection and video 

recordings from the two webcams when the lifter’s hands touched the box to lift it, and 
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recording was ended at the time the lifter placed the box on the destination table.  The lifter 

performed two repetitions of each lifting condition.  Therefore, the lifter performed a total of 

24 lifts in the experimental session (two lift origin horizontal distances x two lift origin vertical 

heights x three lift origin asymmetric angles x two repetitions for each lifting condition).  A 

research assistant returned the box to its origin location after each lift was completed. 

5.2.6 Experimental Design 

The model of the experimental design was a four-factor repeated measures design.  The 

independent variables included the vertical lift origin height (knee and waist), the horizontal 

lift origin distance (close and far), torso asymmetry (30° and 60° to the right and 0°), and 

webcam vertical height from the floor (i.e., 100 cm and 200 cm).  The dependent variable was 

the difference between Motion AnalysisTM and VAS moment arms (in centimeters). 

5.2.7 Data Analysis 

Reflective marker positions in the three-dimensional space collected from Motion 

AnalysisTM were retrieved and analyzed using CortexTM Software (version 7.5.3) installed on 

another computer in the Human Biomechanics Design Lab.  A calibration measure was 

required to measure distances between two points using the VAS.  The lifter’s forearm length 

(distance between the medial epicondyle and ulnar styloid process of the left arm) was used for 

the calibration, in which the researcher assistant was required to drag a line on the screen 

between the medial epicondyle and ulnar styloid process, right click on the created line, select 

the calibration option,  and enter the previously measured lifter’s forearm length (i.e., 26 cm).  

The mean and standard deviation of the moment arm distance measured for the two trials via 

the motion capturing system and VAS were calculated for the different lifting conditions.  The 

Average Absolute Error (AAE) was used to examine the accuracy of the moment arms obtained 

through the VAS using video recordings from the two webcam heights as compared with the 

motion capturing system moment arm measurements.   
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5.2.8 Statistical Analysis 

Analysis of variance (ANOVA) was performed to assess the effect of different webcam 

heights as well as the interaction with the other factors (i.e., lift vertical height, horizontal 

distance, and torso asymmetric angle) on the difference between Motion AnalysisTM and VAS 

measurements of moment arms.  The eta squared (η2) value was utilized to explain the 

percentage of variance in the dependent variable that is explained by the independent variable.  

That enabled to determine the impact (i.e., effect size) of the main effects and their interactions 

upon the dependent variable.  Tukey Honestly Significant Difference (HSD) follow-up post-

hoc tests were conducted to determine where the differences occurred between the different 

levels of the statistically significant main effects and interactions.  Statistical analysis was 

performed using SPSS software (IBM SPSS Statistics for Windows, Version 25.0. Armonk, 

NY: IBM Corp). 

5.3 Results  

5.3.1 The Impact of Different Camera Height on VAS Measurements Accuracy  

It is of interest to determine the impact of camera height on VAS moment arm 

measurement accuracy.  Thus, two webcams were fixed on tripods at two different heights from 

the floor (i.e., 100 and 200 cm).  Moment arm measurements for lift origin made using videos 

recorded from lower and upper webcam heights are tabulated in Table 5.2.  Lift destination 

measurements are presented in Table 5.3.  The results showed that the AAE’s for VAS lift 

origin measurements obtained from video recordings via the lower and upper webcams were 

3.90 and 11.84 cm, respectively.  Also, the results showed that the AAE’s for VAS for the lift 

destination moment arm measurements obtained from video recordings via the lower and upper 

webcams were 0.67 and 1.23 cm, respectively.  
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TABLE 5.2  

DIFFERENT WEBCAM HEIGHTS: LIFT ORIGIN MOMENT ARM MEASUREMENTS VALIDITY  

Task 
Vertical 

Zones 

Horizontal 

Zones 

Torso Asymmetric 

(deg)  

Lift Origin Moment Arm (cm) 

Motion Capture (SD) 
VAS Mean (SD) 

Lower Webcam Upper Webcam 

1 Waist  Far 60 70.7 (1.3) 68.7 (1.7) 98.9 (4.9) 

2 Waist Close 60 55.9 (0.4) 57.7 (0.2) 78.5 (1.5) 

3 Knee Far 60 70.6 (0.6) 58.6 (0.5) 81.6 (3.9) 

4 Knee Close 60 58.5 (0.4) 45.6 (0.2) 55.1 (1.4) 

5 Waist  Far 30 71.5 (0.7) 77.0 (1.0) 84.7 (1.9) 

6 Waist  Close 30 56.0 (0.9) 61.7 (0.6) 70.0 (0.2) 

7 Knee Far 30 70.5 (0.5) 72.7 (0.9) 87.7 (1.2) 

8 Knee Close 30 59.8 (1.3) 61.5 (0.9) 73.1 (2.1) 

9 Waist  Far 0 67.0 (0.1) 67.4 (0.2) 69.5 (0.0) 

10 Waist  Close 0 51.2 (0.1) 51.4 (1.6)  53.0 (0.8) 

11 Knee Far 0 69.3 (1.8) 70.0 (1.9) 76.0 (1.9) 

12 Knee Close 0 53.4 (0.0) 54.4 (0.2) 61.5 (0.0) 

SD = Standard Deviation, Horizontal distances: Far = 70 cm and Close = 50 cm, Vertical heights: Waist height and Knee height, Torso asymmetric angles: 0° 

(sagittal lifting), 30°, and 60° 
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TABLE 5.3  

DIFFERENT WEBCAM HEIGHTS: LIFT DESTINATION MOMENT ARM MEASUREMENTS VALIDITY  

Task 
Vertical 

Zones 

Horizontal 

Zones 

Torso Asymmetric 

(deg)  

Lift Destination Moment Arm (cm) 

Motion Capture (SD) 
VAS Mean (SD) 

Lower Webcam Upper Webcam 

1 Waist  Far 60 21.7 (0.7) 20.8 (1.1) 23.0 (2.5) 

2 Waist Close 60 22.4 (0.3) 21.7 (1.1) 23.4 (0.1) 

3 Knee Far 60 19.9 (0.1) 19.4 (0.3) 21.3 (0.3) 

4 Knee Close 60 21.8 (0.4) 21.8 (1.2) 23.9 (0.8)  

5 Waist  Far 30 21.0 (0.3) 20.6 (0.6) 22.9 (0.3) 

6 Waist  Close 30 22.2 (0.1) 21.4 (0.4) 22.5 (0.3) 

7 Knee Far 30 21.3 (0.2) 20.9 (0.0) 22.9 (0.1) 

8 Knee Close 30 21.9 (0.5) 21.8 (0.8) 23.8 (1.1) 

9 Waist  Far 0 21.7 (0.3) 20.9 (0.5) 22.3 (0.4) 

10 Waist  Close 0 21.5 (0.7) 20.6 (0.5) 21.9 (1.0) 

11 Knee Far 0 20.9 (0.1) 19.4 (0.4) 20.4 (0.2) 

12 Knee Close 0 21.0 (0.5) 20.6 (1.3) 21.8 (0.8) 

SD = Standard Deviation, Horizontal distances: Far = 70 cm and Close = 50 cm, Vertical heights: Waist height and Knee height, Torso asymmetric angles: 0° 

(sagittal lifting), 30°, and 60° 
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5.3.2 VAS Moment Arm Measurements ANOVA: Different Webcam Heights  

Analysis of variance (ANOVA) was performed to assess the effect of different webcam 

heights as well as the interaction with the other factors (i.e., lift vertical height, horizontal 

distance, and torso asymmetric angle) upon the difference between the motion capturing system 

and VAS moment arm measurements.  As shown in Table 5.4, significant interactions with 

webcam height included lifting vertical height (p = 0.000, η2 = 0.720), lifting horizontal 

distance (p = 0.001, η2 = 0.352), and torso asymmetry (p = 0.000, effect size =0.695). 

Results of the follow-up Tukey HSD post-hoc tests on the significant two-way 

interactions are shown in Figures 5.5 through 5.7.  One can notice that the moment arm 

differences between Motion Analysis and VAS measurements as a function of webcam height 

with respect to the lifting vertical height were significantly different between the two webcam 

heights only for the waist lifting height, with larger errors at the upper webcam height compared 

to the lower webcam height (Figure 5.5).  Tukey post-hoc tests also showed that the moment 

arm differences between the two measurement approaches as a function of webcam height 

variable with respect to the lifting horizontal distance variable were significantly different 

between low and high webcam heights for both horizontal conditions, with larger errors at the 

upper webcam height (Figure 5.6).  Finally, Tukey post-hoc tests showed that the moment arm 

differences between the two approaches as a function of webcam height with respect to torso 

asymmetric angle were significant only for 0° and 30° torso asymmetric angles, again with the 

larger errors at the upper webcam height (Figure 5.7). 
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TABLE 5.4  

ANOVA: MEASUREMENT DIFFERENCES BETWEEN MOTION CAPTURE AND 

MANUAL MEASUREMENT  

Source 
Type III Sum of 

Squares 
Df 

Mean 

Square 
F Sig. 

Partial Eta 

Squared 

Corrected Model 2613.799
a
 23 113.643 63.198 .000 .984 

Intercept 2974.860 1 2974.860 1654.351 .000 .986 

CamHeight 756.364 1 756.364 420.622 .000
*
 .946 

Vertical 6.264 1 6.264 3.484 .074 .127 

Horizontal 16.922 1 16.922 9.410 .005
*
 .282 

Asymmetric 675.856 2 337.928 187.925 .000
*
 .940 

CamHeight * 

Vertical 
111.021 1 111.021 61.740 .000

*
 .720 

CamHeight * 

Horizontal 
23.464 1 23.464 13.049 .001

*
 .352 

CamHeight * 

Asymmetric 
98.313 2 49.156 27.336 .000

*
 .695 

Vertical * Horizontal 1.643 1 1.643 .914 .349 .037 

Vertical * 

Asymmetric 
85.202 2 42.601 23.691 .000

*
 .664 

Horizontal * 

Asymmetric 
25.747 2 12.873 7.159 .004

*
 .374 

Error 43.157 24 1.798    

Total 5631.816 48     

Corrected Total 2656.956 47     

a. R Squared = .984 (Adjusted R Squared = .968) 

  * Significant effect at an alpha of 0.05 
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Figure 5.5 Difference in moment arm measurements as a function of webcam height vertical 

height (error bars represent +/- 1 SD)  

 (* significantly different at α = 0.05) 

 

Figure 5.6 Difference in moment arm measurements as a function of webcam height 

horizontal distance (error bars represent +/- 1 SD) 

(* significantly different at α = 0.05) 
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Figure 5.7 Difference in moment arm measurements as a function of webcam height torso 

asymmetric (error bars represent +/- 1 SD) 

(* significantly different at α = 0.05) 

5.4 Discussion  

The results showed that the accuracy for the lift origin moment arm measurements was 

higher when using videos from the lower webcam as compared to the videos from the upper 

webcam (i.e., AAE = 3.90 and 11.84 cm, respectively).  Similar findings for lift destination 

moment arm measurements, where the AAE’s for measurements obtained from video 

recordings via the lower and upper webcams were 0.67 and 1.23 cm, respectively.  Mier (2011) 

demonstrated that there was no significant effect of camera height on measurements of three 

different angles of a plastic goniometer (secured to a white wall).  The examined camera heights 

included the same level of the goniometer fulcrum, 20 cm above, and 20 cm below (Mire, 

2011).  However, in case of moment arm measurements, one can conclude that video 

recordings from cameras at a higher height such as surveillance cameras (typically higher than 

the 200 cm height examined in this study) in workplaces more likely would result in VAS 

moment arm measurements with larger errors as compared to errors using video recordings 

from cameras at lower heights, which may underestimate or overestimate the risk of OLBD.  
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Considering the significant interaction between the webcam height and the lifting 

height, moment arm measurement differences varied significantly at the waist height, with 

greater errors at the upper webcam height.  Furthermore, the significant interaction of webcam 

height by lifting horizontal distance showed that the differences varied significantly between 

the measurements from the two webcam heights for both lifting horizontal distances, with 

greater errors at the upper webcam height.  Finally, it was demonstrated that the moment arm 

measurement differences varied significantly as a function of webcam height and torso 

asymmetric angle (only for 0° and 30° torso asymmetry), again with greater error at the upper 

webcam height (Figure 5.7).  That was due to the lower measurement errors for lifting tasks 

with 0° and 30° torso asymmetry that were recorded with the lower webcam as compared to 

the upper webcam measurement errors.  In contrast, measurement errors for lifting tasks with 

60° torso asymmetry were high when using recordings from both upper and lower webcams.   

One can conclude from the findings of this study that using cameras at a higher height 

(i.e., 200 cm above the floor) to record videos for lifting from the knee height would provide 

moment arms associated with lower errors compared to the errors in case of lifting from waist 

height.  Also, using cameras at a higher height to record videos for lifting from close distances 

from the body would provide moment arms associated with lower errors compared to the errors 

in case of lifting from far distances.  Finally, using cameras at a higher height (i.e., 200 cm 

above the floor) to record videos for sagittally lifting tasks would provide moment arms 

associated with lower errors compared to the errors in case of asymmetric lifting.  

According to the findings from the current study, practitioners are recommended to 

record lifting activities using a camera at 100 cm above the ground, positioned at 90° with 

respect to the lifter’s arm during lifting, and a horizontal distance of 250 cm from the mid-point 

between the lifter’s inner ankles.  Employing these recommended settings would enable for 

VAS moment arm measurements with lower errors.  
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5.4.1 Limitations     

Findings from the current study must be interpreted with respect to several 

methodological limitations.  First, the attached reflective markers helped as visual cue’s to 

easily locate the lifter’s iliac crest and the 3rd knuckle on the hand as well as the lifter’s left 

medial epicondyle and left ulnar styloid process to drag a line on the screen between these 

points for the moment arm measurements and the calibration measure, respectively, using the 

VAS approach.  Performing these measurements with no markers on the potential body parts 

may impact the moment arm measurement accuracy.  Second, the two webcams used to record 

the lifting tasks to enable for VAS moment arm measurements were located at a fixed distance 

(i.e., 250 cm) away from the lifter.  A closer or farther distance may show different accuracy 

levels.  Finally, the experiment was conducted in a controlled laboratory setting.  Undertaking 

it in the field where several factors, such as lighting, lifting speed, and obstructing objects, 

among others, are not being controlled may have shown different results.  Lowe et al. (2014) 

explained that the amount of light and contrast between the worker and the capturing area could 

impact the video-based posture observations.   

5.5 Conclusion 

To the best of the researcher’s knowledge,  this is the first study to demonstrate that 

VAS moment arm measurements obtained via videos recorded using the lower webcam height 

(i.e., 100 cm) were more accurate than those obtained via video recorded using the upper 

webcam height (i.e., 200 cm).  The AAE for the lift origin moment arm measurements from 

the lower webcam height was 3.90 cm as compared to 11.84 cm for the measurements from 

the upper webcam height.  The findings indicated that recording lifting tasks using cameras at 

a lower height likely would result in lower moment arm errors as compared to the errors 

obtained using video recordings via upper camera height such as surveillance cameras in 

workplaces.   
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CHAPTER 6 

OVERALL DISCUSSION 

6.1 Accuracy of Moment Arm Measurements 

The accuracy (i.e., lower error) of the manual moment arm measurements (i.e., AAE = 

6.21 cm) demonstrated in the current study was better than the accuracy of the manual moment 

arms (i.e., AAE = 10.90 cm) reported by Marras et al. (2010).  Moment arm measurements via 

VAS obtained from the 90° webcam videos showed the highest measurement accuracy (i.e., 

lowest AAE) for the various lifting conditions compared to measurements using videos from 

the 30° and 60° webcams as well as manual moment arm measurements.   

One must keep in mind that the participants (who manually measured the moment arm), 

in the current study, were able to stand very close to the lifter to measure the moment arm 

during lifting.  However, this may not be possible in various workplaces where those measuring 

the moment arms may not get the chance to measure from a closer distance due to possible 

obstructions around the lifter or not to get in the way of the lifter.  In this case, the measurement 

error may increase.  Also, the lifter was lifting at a slow-base speed, which likely enabled the 

subjects to measure the moment arms with increased accuracy.  This accuracy may negatively 

be impacted in case of high-frequency lifting tasks.  Dempsey et al. (2001) described that the 

non-stop lifting tasks would enhance measurement difficulty.  

The results demonstrated that measuring the moment arm using the VAS approach for 

lifting tasks at knee levels resulted in greater measurement error as compared to waist lifting 

height.  This error could be due to the different measurement strategies for knee and waist 

lifting heights.  Because measuring the moment arm for lifting tasks from waist height 

represents the direct horizontal line between the iliac crest the hand (see Figure 6.1).  However, 

the moment arm for lifting from the knee height represents the horizontal line between the iliac 

crest and the projection location of the hand at the level of the waist height (see Figure 6.2), 
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which may have led to the increased measurement error.  The reliability test demonstrated 

excellent intraclass correlation coefficient, which indicates that the utilized VAS approach is 

reliable to use to measure moment arms for various lifting conditions.  

 

Figure 6.1 Waist height moment arm measurement via VAS 

 

Figure 6.2 Knee height moment arm measurement via VAS 
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6.2 Identifying the Ideal Webcam Angle for VAS Measurements 

Since the utilized VAS is a two-dimensional analysis software, the accuracy of the VAS 

measurements depends on the camera view with respect to the main joint of interest of the 

captured individual’s body.  Several studies showed that the more perpendicular view to the 

participant’s sagittal plane the higher the accuracy of the identified working postures through 

video-based analysis approaches (Chang et al., 2010; Hewlett, 2013; Lowe et al., 2014; Xu et 

al., 2011).  In the current study, the view of the webcam that was located at 30° to the left side 

of the lifter was almost perpendicular to his arm while lifting the load from 60° to the right side 

of his sagittal plane.  Also, the view of the webcam that was oriented at 60° to the left side of 

the lifter was almost perpendicular to his arm while lifting the box that was located at 30° to 

his right side.  Finally, the view of the webcam that was oriented at 90° to the left side of the 

lifter was almost perpendicular to his left arm while he was sagittally lifting the box (i.e., 0° 

torso asymmetry) from the origin table as well as placing it on the destination table.  

One can notice from the VAS measurements that lift origin moment arm measurements 

using videos recorded from webcams with a line of sight perpendicular to the lifter’s forearm 

during lifting resulted in more accurate measurements.  The AAE for measurements using 30° 

webcam recordings was 2.41 cm, for 60° asymmetric lifting tasks.  Also, the AAE for 

measurements using 60° webcam recordings was 2.15 cm for 30° asymmetric lifting tasks.  

Furthermore, the AAE for measurements using 90° webcam recordings was 0.51 cm, for 

sagittal lifting tasks.  Thus, for the field assessment of various asymmetric lifting tasks, 

practitioners are recommended to place different cameras so each can be as perpendicular as 

possible to the worker’s arm while picking or placing the load at each asymmetric angle.  If 

using only one camera to record the lifting tasks, practitioners may need to capture the lifting 

from one angle (with camera view perpendicular to the arm) and change the camera location 

with respect to the worker's arm during lifting at each asymmetric lifting angle.  That would 
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enable for more convenient moment arm measurements with higher accuracy as compared to 

the manual measurements that are associated with a higher error rate.  

6.3 NIOSH Lifting Equation Assessment Outcomes 

To the best of the researcher’s knowledge, this is the first study to use moment arms 

manually measured and those measured via the VAS as inputs into lifting assessment tools 

including the National Institute for Occupational Safety and Health (NIOSH) Lifting Equation 

(Waters et al., 1993) and the Lifting Fatigue Failure Tool (LiFFT) (Gallagher et al., 2017) 

lifting assessment tools.  The risk category outcomes were compared to the assessment resulted 

when using the motion capturing system moment arms as inputs into the assessment methods 

mentioned above.  It was demonstrated that using moment arms measured from videos 

recorded using the 60° and 90° webcams, as well as manually measured moment arms as inputs 

into NIOSH Lifting Equation method showed a moderate risk of a low back injury for all the 

assessed lifting tasks, which was in agreement with the risk category obtained from the motion 

capturing system moment arm measurements.  Using video recordings from the 30° webcam 

resulted in similar risk category level (i.e., moderate risk) similar to the motion capturing 

system assessment for all the lifting tasks except for four symmetric (0° torso asymmetric) 

tasks at the two lifting horizontal distances and two vertical heights, where the risk was 

underestimated.   

Although using manual measurements as inputs into NIOSH Lifting Equation resulted 

in risk category outcomes similar to those resulted when using the motion capturing moment 

arms, this may not be true when assessing lifting tasks in the field.  For, practitioners may not 

get the chance to measure the moment arm from a close distance in order not to get in the way 

of the lifter, which may increase the measurement error.  Also, in some workplaces, workers 

perform lifting in confined spaces, which may not allow practitioners to measure the moment 

arms manually.  The findings indicated that practitioners may utilize the VAS approach to 
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record similar lifting conditions using webcams either at 60° or 90° to the left side of the lifter’s 

sagittal plane to assess lifting jobs for the potential risk of OLBD using NIOSH Lifting 

Equation assessment method.  

6.4 LiFFT Assessment Outcomes 

It was demonstrated that assessing various lifting tasks using moment arms via the VAS 

using video recordings from the 30° and 60° webcams as inputs into LiFFT assessment method 

resulted in a similar risk category level (i.e., moderate risk: 25 ≤ Risk% ≤ 50) as for the motion 

capturing system assessment for all the assessed tasks.  On the other hand, it was shown that 

using moment arms measured via VAS using video recordings from the 90° webcam as inputs 

into LiFFT resulted in a job probability risk that represents a moderate risk level, which was in 

agreement with the all assessment outcomes obtained with the motion capturing system 

moment arm measurements except for two of the lifting tasks where the risk was overestimated 

(Risk% > 50).  Both tasks were with torso asymmetry of 30° and far horizontal distance 

conditions.  The first task was lifting from waist height, while the other was at knee height.  

The magnitudes of the difference in the risk probability were minimal (1.9% for the first task 

and 0.5% for the second task), which could be negligible.  Also, using manual measurements 

as inputs into the LiFFT assessment method resulted in risk assessment outcomes similar to 

those resulted when using the motion capturing moment arms except for one lifting task. 

  Assessing the risk of OLBD for lifting tasks using manually measured moment arms 

may not be precise for the field assessment due to the challenges mentioned earlier.  The results 

indicated that practitioners may utilize the VAS approach to record similar lifting conditions 

using webcams 30°, 60°, or 90° to the left side of the lifter’s sagittal plane to assess lifting jobs 

for the potential risk of OLBD using LiFFT lifting assessment method.  
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6.5 VAS Measurements Reliability 

Twenty participants measured the moment arm distance using the VAS approach.  The 

reliability of VAS was examined using the intraclass correlation coefficient (ICC).  

Measurements using videos from the three webcams demonstrated that the utilized VAS (i.e., 

Kinovea) would provide excellent inter-rater repeatability for moment arm measurements.   

6.6 Effect of Camera Height on VAS Measurements Accuracy  

The results showed that the accuracy for the lift origin moment arm measurements was 

higher when using videos from the lower webcam as compared to videos from the upper 

webcam (i.e., AAE = 3.90 and 11.84 cm, respectively).  Similar findings for lift destination 

moment arm measurements, where the AAE’s for measurements obtained from video 

recordings via the lower and upper webcams were 0.67 and 1.23 cm, respectively.  One can 

conclude that video recordings from surveillance cameras at workplaces may not allow for 

accurate moment arm measurements via the VAS.  Thus, practitioners are recommended to 

record lifting tasks using cameras at about 100 cm above the floor.  

6.7 Limitations   

When reviewing findings from the current study, several limitations must be 

considered.  First, two frames from each video recording were predetermined by the researcher 

for each lifting condition.  These frames represent the lift origin (i.e., the moment before the 

box was moved from the origin table) and lift destination (i.e., the moment when the box was 

settled on the destination table) for each lifting condition.  The participants used the selected 

frames to measure the moment arm via the VAS approach.  However, the start and end of each 

lift were apparent in each video.  Thus, if the participants used video recordings to measure the 

moment arms, that should not result in significantly different measurements.  The participants 

likely took the advantage of the attached reflective markers to easily locate the lifter’s iliac 
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crest and the hand as well as the lifter’s left medial epicondyle and left ulnar styloid process to 

drag a line between these points for the moment arm measurement and the calibration measure, 

respectively, using the VAS approach.  Performing these measurements with no markers on 

the potential body parts may affect the moment arm measurement accuracy.  Third, the three 

webcams used to record the lifting tasks to enable for VAS moment arm measurements were 

located at a fixed distance (i.e., 250 cm) away from the lifter.  A closer or farther distance may 

have shown different accuracy levels.  Finally, the experiment was conducted in a controlled 

laboratory setting. Undertaking it in the field where several factors, such as lighting, lifting 

speed, and obstructing objects, among others, are not being controlled may have shown 

different results.  Lowe et al. (2014) explained that the amount of light and contrast between 

the worker and the capturing area could impact the video-based posture observations.   

Some challenges must be considered by the users of the VAS for measuring the moment 

arm during lifting.  First, placing the camera at the proper angle with respect to the handler’s 

arm during lifting is critical for accurate measurements.  Findings from the current study 

showed that placing the webcam at 90° to left side of the participant would provide moment 

arm measurement AAE as low as 1.75 cm when lifting with torso asymmetry between 0° to 

30°, from far and close distances (70 and 50 cm, respectively), between the waist and knee 

heights.  Also, the appearance of other materials or individuals in front of the camera that is 

recording the lifting tasks may obstruct the view of the handlers or cause partial obstruction for 

some necessary handler’s body parts such as the hip or hand, which make it impossible to 

measure the moment arm via VAS using these recorded videos.  Moreover, to be able to 

measure the moment arm using the selected VAS, a calibration measurement of a known length 

must be made upfront.  The length of the lifter’s left lower arm (previously measured using an 

anthropometric kit) was used to calibrate for the measurements.  Thus, the use of markers is 
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recommended to accurately locate the joints of the lower arm to calibrate the system using the 

lower arm length.     
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

To the best of the researcher’s knowledge, this is the first study to examine the accuracy 

of video-based analysis software (VAS) in measuring the moment arm during various lifting 

conditions and compare it to manual moment arm measurement (i.e., using a tape measure).  

Also, no research has utilized moment arms measured via VAS and those manually measured 

as inputs, among other variables, into National Institute for Occupational Safety and Health 

(NIOSH) Lifting Equation (Waters et al., 1993) and the Lifting Fatigue Failure Tool (LiFFT) 

(Gallagher et al., 2017) lifting assessment tools to evaluate the risk category outcomes.  These 

outcomes were compared to the outcomes when utilizing the motion capturing system moment 

arm measurements as inputs into the assessment tools mentioned above.   Finally, this is the 

first study to evaluate the impact of camera height upon the accuracy of moment arm 

measurement during various lifting tasks.  

Several studies from different perspectives were reviewed to demonstrate the 

association between the low back external moments and the increased risk of low back disorder 

(LBD).  The reviewed studies showed that there is evidence of the association between external 

moment loading and the risk of LBD.  Common risk factors were shown to increase the risk of 

LBD by increasing the external load moment.  These factors include the horizontal position of 

the load from the body, vertical height of the load from the floor, and load weight.  

Additionally, lift frequency and duration were also shown to increase the risk of LBD.  

Different lifting assessment tools such as NIOSH Lift Equation, ACGIH TLV, and 

LiFFT, among others, included the factor of external load moment in the assessment of lifting 

jobs.  Moreover, it was shown that the moment arm (i.e., a factor of the horizontal and vertical 

location of the load) and load weight influence the low back moment, and thus, the risk of 
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LBD.  Therefore, it can be concluded that by controlling external moment factors, one can 

eliminate or reduce the risk of LBD. 

Findings from current research answered the following research questions:  

Research question 1: Can video-based analysis software be utilized to effectively measure 

the distance between the approximate location of the L5/S1 (i.e., user’s hip) and the load 

being lifted (i.e., user’s hand) during various dynamic lifting conditions? 

The results showed that VAS could be effectively used to measure the moment arm 

during lifting from various lifting positions. 

Research question 2: What is the optimal camera placement that would enable for the 

most accurate moment arm measurement through the video-based analysis software?  

Using videos recorded using the webcam oriented at 90° to the left side of the lifter’s 

initial position (sagittal plane) enabled for high moment arm measurement accuracy compared 

to the 60° and 30° webcam orientations.  This was true for lifting tasks that included lifting the 

load with torso asymmetry between 0° (in front of the participant) and 30° to the right side, at 

a vertical height between the knee and waist level, from horizontal distance between 50 to 70 

cm from the participant.  For lifting with 60° torso asymmetry, high accuracy was shown only 

for lifting at the waist height at both horizontal distances, using videos recorded from the 90° 

webcam.  Also, the study findings demonstrated that videos recorded from lower webcam 

height (i.e., 100 cm from the floor) resulted in VAS moment arm measurements more accurate 

than those recorded using the webcam at a higher height (i.e., 200 cm above the floor).   

Research question 3: Would the video-based analysis software provide more accurate 

moment arm measurements as compared to the conventional tape measure? 

Moment arm measurements via the VAS and those measured using the tape measure 

were compared to the motion capturing system measuring approach (i.e., Motion Analysis).  

VAS measurements showed higher accuracy than manual measurements.    
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Research question 4: How would measurement error from the VAS and tape measure 

impact the low back risk assessment using NIOSH LIs and LiFFT (i.e., probability of 

high-risk job)? 

The results showed that using VAS moment arm measurements via the 60° and 90° 

webcams, as well as manually measured moment arms as input into NIOSH equation, resulted 

in similar risk assessment outcomes as compared to the risk outcomes obtained using the 

motion capturing system measurement.  Also, using VAS moment arm measurements via the 

30° webcam as input into the NIOSH equation demonstrated similar risk assessment outcomes 

as compared to the motion capturing system risk outcomes, except for four lifting conditions 

where the risk was underestimated.  

Also, the study findings showed that using VAS moment arm measurements via the 

three webcam angles as input into LiFFT assessment method resulted in similar risk assessment 

outcomes as compared to the risk outcomes obtained using the motion capturing system 

measurement, except for two of the lifting conditions recorded using the 90° webcam, where 

the risk was overestimated as compared to the motion capturing system assessment (i.e., risk% 

= 50.7% and 50.5% compared to 48.8% and 50.0%).  However, the difference in the risk 

probability for the VAS and motion capturing system approaches was low, which could be 

negligible for the two lifting conditions.  Additionally, using moment arms that were manually 

measured resulted in similar risk assessment outcomes as compared to the risk outcomes 

obtained using the motion capturing system approach except for one of the lifting conditions, 

where the risk was overestimated as compared to the motion capturing system assessment (i.e., 

risk% = 48.3% compared to 51.2%).  Again, it can be concluded that the difference in the risk 

probability for the manual measure and motion capturing system approaches was low, which 

also could be negligible.  However, the error rate in the manually measured moment arms may 

further increase when assessing lifting jobs in the field, where lifting tasks are performed with 
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high lift frequency, which could increase the measurement difficulty.  Also, the practitioners 

may not get the chance to measure the moment arm from a close distance due to limited space 

around the lifter in some workplaces or not to get in the way of the lifter during lifting, which 

may also increase the moment arm measurement error.   

Major findings from the current study: 

1- The results showed that average absolute error (AAE) for VAS measurements obtained 

from video recordings via webcams oriented at 90°, 60°, and 30° were 4.25, 6.07, and 

17.29 cm, respectively, for lift origin moment arms.  While it was 6.21 cm for lift origin 

manual moment arm measurements.   

2- Videos recorded via the 90° webcam enabled for high moment arm measurement 

accuracy for lifting tasks with torso asymmetry between 0° and 60° to the right side of 

the sagittal plane, with horizontal distances between 50 to 70 cm from the worker, and a 

vertical height between the knee and waist levels (except for the 60° torso asymmetry 

tasks that showed increased moment arm errors for knee level lifting tasks).  

3- Video-based analysis software moment arm measurements obtained from webcams with 

a line of sights almost perpendicular to the lifter’s forearm during lifting showed better 

accuracy (i.e., AAE < 2.5 cm). 

4- VAS approach provided excellent intra-class correlation for the moment arm 

measurements made by the twenty participants. 

5- Recording lifting tasks using lower height webcam enabled for lift origin moment arm 

measurements with lower error (i.e., AAE = 3.90 cm) as compared to lift origin moment 

arms obtained via video recordings from the higher webcam (i.e., AAE = 11.84 cm) using 

the VAS approach.   
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Recommendations for future work: 

Based on the results of the current study that answered the suggested research questions, it is 

recommended that future studies to be conducted to answer the following questions:  

1- Do different horizontal distances (less or more than 250 cm) between the recording 

camera and the individual being captured impact the VAS moment arm measurement 

accuracy? 

2- Would VAS moment arm measurement accuracy be affected in case of lifting from a 

vertical height higher than the waist height?   

3- Would conducting the VAS moment arm measurement experiment in field settings 

provide different measurement accuracy levels as compared to that achieved in the 

laboratory settings? 
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