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ABSTRACT 

Although robotics and automation machines are leading over modern industry, manual 

material handling tasks remain inevitable due to high demand in the workplace. Unsafe manual 

handling tasks affect many people in the workplace, even those with professional skills. To prevent 

an injury, a handler must know when to stop handling when the task is executed improperly; 

however, there is no definitive answer to know when to stop without an injury risk to the handler. 

Therefore, the primary objective of this study was to determine whether and how a correlation 

exists between psychophysical rate of intensity of a task and the change in patterns in kinematics 

of lumbar and knee joint angles as a function of repetitive material handling tasks as weight 

increased. To perform the experiment, kinematic of joint angle data were collected from the knees 

and lumbar region of participants as they lifted and lowered incremental weights repetitively or 

until fatigued while an intensity of activity response called Borg CR10 scale was recorded after 

each trial. A relationship was identified between the change in joint angles and an intensity scale 

as one fatigued. Additionally, significant differences were identified between male and female 

participants, lifting and lowering tasks, different box weights, transitions of lifting and lowering 

techniques as weights increased and a state of intense fatigue was noticeable. Based on the 

statistical model, male participants were able to lift a 30 kg box before an intense sign of fatigue, 

while female participants repetitively lifted and lowered a box weighing 25 kg before a sign of 

fatigue. With all of these variables discussed, future research should be able to further understand 

the intensity of tasks, fatigue and the musculoskeletal human body during manual material 

handling with a broader approach using biomechanical and psychophysical approaches. The 

current research is only a beginning of what can be used on a larger scale to help eliminate the 

issue of musculoskeletal disorder and reduce absence days from work due to injuries.   
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CHAPTER 1 

INTRODUCTION 

1.1  Motivation 

 
Musculoskeletal disorders (MSDs), particularly low back pain (LBP), which is most 

commonly caused by manual material handling (MMH), affects many material handlers around 

the United States as well as other professions that require the movement of the entire body (Work-

Related Musculoskeletal Disorders & Ergonomics, 2020). Although with the growing robotics 

industry, human contribution in manual handling tasks remain necessary and dominant in a variety 

of work-place environments. The use of manual handling is favored over robotics because of its 

low cost and high flexibility. When opposed to conducting the same operation with mechanical 

robots, MMH is distinctly advantageous in terms of maneuverability during quick and simple 

transfer of materials. Nevertheless, repetitive movement, incorrect positioning and processing, and 

heavy loads may put workers at the risk of developing a serious case of MSD (Nag & Hsiang, 

2000).  

As an illustration of the problem, in 2016 the Bureau of Labor Statistics (BLS) reported a 

total of 266,530 cases of nonfatal occupational injuries and illnesses of MSD (U.S bureau of labor 

statistics, 2016). As a matter of fact, 45.5% of those injuries account for the trunk including the 

back, abdomen, and pelvic regions, whereas approximately 31% and 16.5% accounted for upper 

extremity and lower extremity, respectively. The median absence days away from work reported 

for the trunk region was 13 days away from work while the upper extremity injury median absence 

was 19 days and lower extremity median absence was 15 days (U.S bureau of labor statistics, 

2016). 
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The most common regions of the body involving work-related MSD resulting absence from 

work were reported by the BLS. In 2016, the total work-related MSD cases was reported at 349,050 

total cases. Back injuries were prominent in work-related MSD cases in 2016 accounting for 38.5% 

of total cases. The second and third most common regions were Shoulders with 14.9% of total 

injuries and Leg with 11.5% of total injuries reported (Bureau of Labor Statistics, 2018). 

A recent systematic analysis conducted by the Global Burden of Disease (Cieza et al., 

2020) revealed that nearly 1.71 billion people globally experienced at least one musculoskeletal 

condition between 1990 and 2019. As a matter of fact, low back pain was the most recorded 

condition in the world leading with 568 million cases between 1990 and 2019. While the 

predominance of MSD is rising with older people, younger generations also experience MSD. The 

burden impact of leaving the job in terms of disability and injury costs enormously. Not only are 

these injuries costly, but also have a great impact on mental health and long-term physical 

functioning disability (Hartvigsen et al., 2018). 

The cost of treating MSDs is enormous. MSD can negatively influence the well-being and 

performance of people to attend work and involvement in daily life (Lubeck, 2003). The total cost 

for treating MSD in the United States was estimated around $162.3 billion from 2012-2014 (Yelin 

et al., 2016). Taking a closer look at costs, the annual median direct and indirect cost for MSD 

health care was estimated around $980.1 billion which includes medical care, surgery, hospital 

bed occupancy, absence leave from work, medical visits, drugs, and diagnosis tests (American 

Academy of Orthopaedic Surgeons, 2008). Therefore, preventative measures such as knowledge 

for setting up maximum acceptable weight of handling material and proper execution of objects 

are more effective and less costly; however, not all people are aware of preventative measures.  
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1.2  Objective 

 
 Over the past years, many researchers focused on evaluating fatigue during handling tasks. 

Although, these research studies address one of the most important contributing factors to 

developing an injury, but very few address the impact of choosing the proper execution technique 

of objects from the ground on fatigue. There is a need to emphasize the importance of choosing 

the right technique to eliminate extreme fatigue impact on the operator. Therefore, the primary 

objective of this study was to determine whether and how a correlation exists between 

psychophysical rate of fatigue and the change in patterns in joint angle kinematics of the lumbar 

region and knees as a function of repetitive material handling tasks as weight increases. A 

secondary objective was to determine how and when these joint angle data changed the technique 

of material handling used, if indeed it occurred. 

1.3  Justification 

 
 There are a large number of studies in the literature on the relationship between fatigue and 

handling technique, especially in manual material handling tasks. One of the most discussed 

factors is oxygen consumption and heart rate. It is evident that the oxygen consumption and heart 

rate are 15-40% higher during a squat compared to stoop technique (Duplessis et al., 1998; Garg 

& Saxena, 1979; Kumar, 1984; Welbergen et al., 1991). Another important factor that could lead 

to MSD is lumbar compression force. A variety of studies performed experiments on the difference 

between lumbar compressions during stoop and squat lifting and found insignificant difference 

between the two lifting techniques (Ekholm et al., 1982; Kumar, 1994; Troup et al., 1983). 

However, a study found that shear force, a leading cause of disk herniation (Dolan et al., 1994), 

was 180% higher in stoop than squat technique (Potvin et al., 1991). Also, a large pool of studies 

reported less physical discomfort during squat technique in comparison to stoop technique 
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(Damkot et al., 1984; Mittal & Malik, 1991; Rabinowitz et al., 1998). These studies looked at only 

a lifting task while measuring oxygen consumption, heart rate and lumbar compression force. 

However, none discussed similarities and differences between lifting and lowering tasks while 

taking these measurements. These important contributing factors are why there is more demand of 

research to be done in comparison of the two handling tasks. Looking at these factors and their 

potential threats to injuries makes it hard to choose which technique is more appropriate to execute 

a specific task. Therefore, looking at the lifting and lowering tasks simultaneously performed by 

participants to build reasonable evidence to support choosing the appropriate handling technique 

for the designed task is inevitable.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1  Abstract 

 

Manual material handling has been experiencing extraordinary growth in recent years due 

to its ease of performance, reduced cost, as well as its contribution in daily life. There are different 

techniques (i.e., stoop, squat, semi-squat) to performing a single material handling task and one 

technique could be safer and more advanced than another, however, there is no definitive 

knowledge to instantly define what technique is best used for a particular task and this requires the 

attention for more research toward this field. Executing a task improperly could lead to a major 

musculoskeletal disorder and lower back pain, leading to a higher number of non-fatal injuries. 

Despite the fact research regarding MMH has been the center of attention for decades, studies on 

manual handling are focused on several risk factors such body movement technique, object weight, 

and lifting repetition. These factors have been identified by workers who had a back injury 

associated with material handling (Chapla, 2004). The reason behind most of these studies 

discussed below that investigate material handling tasks was to compare different handling 

techniques, set up weight limits, and introduce exoskeleton design to the handling industry. 

Material handling is an important field in the industrial and any workplace and more research 

toward this field could be greatly beneficial.  

2.2  Choosing the Appropriate Lifting Technique 

 

Choosing the appropriate lifting technique is usually accompanied with setting up 

maximum acceptable weight limit (MAWL) in experimental environments. For instance, 6 male 

university participants were asked to choose the appropriate MAWL for a floor to knuckle height 

lifting task. The study reported that weight was 10% heavier for stoop than squat for setting up 
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MAWL (Garg & Herrin, 1979). Also, a similar study had female university participants select the 

appropriate MAWL for both lifting techniques. It was reported that MAWL during stoop was 20% 

heavier than the squat technique (Straker & Cain, 2000b). In the case of MAWL, stoop technique 

could be favored because material handlers could lift larger loads.    

In order to understand the lower extremity joints in relation to lifting technique, the role of 

lower extremity joint kinetics and lumbar curvature during squat and stoop lifting was studied 

(Hwang et al., 2009). In this study, 26 male participants were asked to lift boxes containing 

incremental weights of 5, 10, and 15 kg by both squat and stoop techniques. Reflective markers 

were attached on anatomical locations on participants to record their motion using 3D motion 

capture system while EMG electrodes were placed on several muscle (i.e., lumbar erector spine, 

rectus abdomen, biceps femoris, rectus femoris, gastrocnemius, tibialis anterior) to track muscle 

activity and force plates were implemented in the study to calculate the difference between the 

range of motions of the two techniques. The findings of the study showed that there were no 

significant differences in maximum lumbar joint moment calculated by inverse dynamics between 

squat and stoop techniques. The hip and ankle supported the moment during squat lifting while the 

knee supported the moment during the stoop lifting. Also, the hip, ankle and lumbar joints 

produced powers (concentric contraction) and knee joints absorbed power (eccentric contraction) 

in squat lifting. The same case occurred in stoop lifting except for the ankle joint absorbing power 

in this technique. To sum up everything that has been stated so far, knee extension is the prominent 

kinematics during squat lifting and is contributed by the kinetic factors from the hip and ankle 

joints while the lumbar extension is prominent in kinematics during the stoop lifting and is 

produced by the knee joints kinetics factors.  
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2.3  Setting up the Recommended Weight Limit  

There are general tools that can be applied to aid industry workers in setting the maximum 

weight limits for lifting tasks to limit MSDs. One of the most common tools utilized in work 

industry is the NIOSH Modified Lifting Equation (1993) (T. Waters et al., 1993; T. R. Waters et 

al., 1994). This model was developed based on a static model for its work laboratory which stems 

from compression tests of cadaveric segments. This equation as shown in (Equation 1) provides 

a formula to determine the recommended weight limit (RWL) for a specific handling task. The 

RWL always begins with a constant weight of 51 lbs. (23 kg), which is the ideal weight for lifting 

tasks, then multiplied by factors that are equal or less than 1 to obtain the appropriate weight limit 

from the equation below:  

              RWL= LC x HM x VM x DM x FM x AM x CM          (1) 

Where LC is the load constant, HM is the horizontal distance of the load from the worker, 

VM is the vertical height of the lift, DM is the vertical displacement during the lift, FM is the 

frequency and duration of the lift, AM is the angle asymmetry in degrees and CM is the quality of 

the hand-to-object coupling. These multipliers can be calculated using prescribed procedures or 

found in the RNLE Application Manual’s look-up tables (T. Waters et al., 1993; T. R. Waters et 

al., 2014). These multipliers should be derived from the appropriate formula; and in certain cases, 

the values must be derived from linear interpolation to determine the appropriate value of the 

specified multiplier. These factors are calculated for the lift initiation and the lift destination, 

leading to two RWL constants.   
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 When the RWL is determined, the Lifting Index (LI) is then introduced to obtain the 

appropriate maximum weight limit from the NIOSH equation. The LI is defined by the following 

equation:  

LI= Load Weight/ Recommended weight limit = L/RWL            (2) 

 If LI is greater than 1, the task is not appropriate and further modifications are needed. If 

LI is less than one, the predetermined result is acceptable for 75% and 99% of female and male 

populations, respectively. 

 The authors concluded that most young health individuals could endure up to 3430 N of 

compressive force without damaging their vertebral end plates based on the findings from 

cadaveric data. Yet, several researchers argue that the static models significantly underestimated 

the actual compressive forces acting on vertebral end plates during lifting and lowering as the 

NIOSH model neglects the inertial forces and moments when the operator is handling loads at an 

accelerated speed (M. P. De Looze et al., 1994; Tsuang et al., 1992). Nevertheless, this model was 

only developed such that the amount of weight to be lifted would not exceed 3430 N of 

compressive forces acting on the spine in most healthy individuals performing a lift in certain 

lifting conditions. Therefore, this model is only valid in a certain environment because the 

importance of dynamics has not been included and the model is designed to determine maximum 

acceptable weight for handling materials that are executed slowly during a 2-4s period (T. Waters 

et al., 1993). 

2.4  Weight Limit Guidelines 

 

When performing a task of MMH, a question may arise: what is the safe weight that can 

be handled without the risk of an injury? There are tools and guidelines to follow to answer this 

question. Some researchers have attempted to set up guidelines for weight limit for material 
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handling tasks. Yet, in 2016, the BLS still reported a large number of 10,660 cases of 

musculoskeletal low back injuries caused by material handling alone (Bureau of Labor Statistics, 

2016). Thus, the answers to setting guidelines and recommendation to weight limit is neither 

justified nor reasonable (American Academy of Orthopedic Surgeons, 2008). These guidelines and 

recommendations can at least lead to understanding what might cause these injuries and what to 

safely do to reduce the number of these cases. 

  These next guidelines have been studied extensively by researchers to derive a safer 

workplace, set up acceptable lifting capabilities, and eliminate hazardous injuries. These 

guidelines are psychophysical, biomechanical, and physiological guidelines. 

2.4.1  Psychophysical Approach 

 This approach is established on the theory of human perception (senses), which is 

combined with the feelings of internal pain and relief –physical (Ayoub & Dempsey, 1999). This 

approach depends on the participant for modifying the weight limit to their best level of capabilities 

without encountering fatigue, loss of oxygen, or weakness. In this approach, anthropometrical 

factors such as frequency, distance, height, size of object are usually kept constant. Therefore, the 

weight selected by the handler is considered as the maximum acceptable weight that he/she can 

handle (Ayoub & Dempsey, 1999; Lewis, 2011).  

 One of the advantages discussed in literature for applying the psychophysical approach is 

that this approach is easy to perform, inexpensive and less time consuming than other approaches. 

In addition, psychophysical data concepts can be applied to different types of task applications 

other than MMH (Snook, 1985). On the other hand, some limitations of this approach include that 

the weight load selected by the participants are below the threshold of injury but has never been 

proven to not lead to injury (Gamberale & Kilbo, 1988). Also, using this approach may result in 
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high-frequency tasks that can lead to fatigue, as well as this approach does not take into 

consideration bending or twisting during performing MMH tasks, which have been proven to result 

in lower back pain (Snook, 1985). 

The prevention of low back injuries have typically been presented by (1) careful worker 

selection, (2) implementing training lessons on safe lifting techniques, and (3) structuring the job 

so that it matches the worker’s ability to perform the job safely. Snook (1978) investigated the 

effect of variables such as weight of object, distance, frequency, size and weight of participants, 

sex, age and physique. The participants were asked to perform a variety of tasks such as lifting, 

pulling, pushing, lowering, etc. From the data collected, a table was generated for each handling 

task for each sex group. The table showed the maximum acceptable weight limits for 10, 25, 50, 

75, and 95% of the working population. The results of this study indicate that structuring the job 

so that it matches the worker’s ability to perform the job safely can reduce up to a third of industrial 

back injuries. These results were not implemented to be a total solution to low back injuries; 

however, it was found to be significantly more effective than careful worker selection or 

implementing training lessons on safe lifting techniques.   

Ciriello (2005) presented the effect of vertical distance and the size of the box on maximum 

acceptable weights (MAW) of several tasks. 10 female industry workers participated in the study 

to perform 27 different types of lifting, lowering, pushing, pulling and carrying. Anthropometric 

measures of shoulder, elbow and knuckle heights were taken to set the appropriate range for the 

tasks. They were asked to select a weight they could withstand for 8 hours without straining, 

weakening, or tiring themselves. A psychophysical measurement analyzed the fatigue limits of the 

participants during the activity. The results revealed that no significant effect was found in MAWs 

of distance of lowering, height of lowering, or the size of the box except for the 25 cm lowering 
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task. The results also showed that the vertical distance of lifting did not show a significant effect 

on MAWs of lifting large boxes. In addition, no significant difference was found between MAWs 

of lowering and lifting. 

2.4.2  Physiological Approach 

This approach is focused on designing tasks that meet the demands of the metabolic energy 

and circulatory capabilities within acceptable human body limit (Ciriello, 2005). The ability to lift 

repetitively during extended periods of time may be limited to the metabolic energy and blood 

circulatory system. This method focuses on assessing the metabolic energy requirements of the 

task as well as the impact of material handling activities on the cardiovascular system (Konz, 

2004).  This approach is designed for tasks that are performed frequently and for extended periods 

of time.  Ayoub (2000) states that the physiological approach is useful to determine the maximum 

acceptable weight when lifting frequency is around eight lifts per minute.  

  In an attempt to apply the physiological approach to evaluate the use of perceived rating 

(PRE) approach as a standard to control fatigue during running on an electrical treadmill (Eston et 

al., 1987), 28 healthy adults (16 males and 12 females) participated in a study to estimate the effort 

by employing the Borg 6-20 scale while the oxygen uptake was measured during a treadmill 

activity. Participants were then asked run on the treadmill based on their judgement of levels 9, 

13, and 17 indicated on Borg Scale on a constant exercise intensity. They monitored their running 

speed based on the Borg Scale, but the performance of their exercise was not provided on the 

display panel as one of the study protocols. The purpose of the study was to examine the 

relationship between heart rate, perceived effort and relative metabolic demand. The outcome of 

the study showed that the use of perceived rating may be suitable in determining the relative 

metabolic demand. Similarly, Eston & Williams (1988) examined the accuracy of perceived 
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exertion in a similar laboratory procedure. In this study, 16 healthy (10 males and 6 females) adults 

were asked to attend the laboratory to perform a cycling activity. The maximum oxygen uptake 

was measured while they cycled based on their perception of ratings 9, 13, and 17 of the Borg 6-

20 scale. The study revealed that no significant difference was found between trials with regard to 

oxygen uptake or heart rate for male or female participants. The results showed that PRE was a 

valid reference for exercises with high levels of intensity. The author lastly states that the PRE 

scale’s applicability at lower exercise levels can be more accurate with a small amount of practice. 

2.4.3  Biomechanical Approach  

 Manual material handling tasks designed using the biomechanical approach are used to 

ensure that the task demands are within the human body’s force capability. This approach 

computes torque and internal compressive and shear forces in body joints that exert from the body 

posture while performing a task of MMH. During a MMH task, compressive forces are generated 

on the lower back, especially on the intervertebral discs in the L5/S1 segments. The intervertebral 

discs segment’s ability to withstand compressive forces is a key factor in assessing the spine’s 

compression limits (McCormick & Sanders, 1993), and it has been one of the deciding factors in 

weight limits for this biomechanical approach. Some researchers have used cadaver data to set 

spinal compression limits for further understanding of this approach (Ayoub & Dempsey, 1999). 

One of the limitations of applying this approach is that it cannot take into account the effect 

of duration and frequency of MMH task because it does not take into consideration the effect of 

fatigue on the participant’s ability to perform the task. Therefore, this approach may be 

advantageous when operating on a singular task; but can lead to an MSD if attempted on high 

frequency tasks (Konz, 2004). Ayoub (2000) states that the biomechanical approach is only 

beneficial when the lifting frequency is less than three lifts per minutes.  
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To sum up everything that has been stated so far, the approaches mentioned above have 

been implemented by researchers to evaluate fatigue and derive a weight limit guideline based on 

the results they obtained. The employment of perceived effort and kinematic of joint angles data 

can be a scientifically acceptable method of the psychophysical combined with the biomechanical 

approach. Therefore, this thesis will focus on the use of perceived effort scale and resultant 

kinematics to analyze a manual material handling activity.   

2.5  Kinematics and Marker Data 

 
Kinematics variables play an important role to describe the mechanism of lifting. In fact, 

kinematic data are one of the key factors that can describe what is occurring to the human body 

during any type of activity. Lindbeck et al. (2001) performed a study consisting of 10 male and 12 

female volunteers to participate in an experiment to lift a box with a 12.8 kg and 8.7 kg for male 

and female participants, respectively (Lindbeck & Kjellberg, 2001). Reflective markers were 

attached to the ankle, knee, hip, shoulder, elbow and wrist joints to evaluate the motion of these 

joints and segments. The results showed significant differences between male and female 

participants for measures of time required to reach maximum box height, trunk angular motion, 

knee joint angular motion and interjoint coordination between the hip and knee joints. The trunk 

motion was found to be significantly larger in males than females. On the other hand, women had 

significantly larger knee angle range during leg lifts. The author concluded that sex differences in 

motion patterns need to be extensively evaluated and explored separately in manual handling tasks. 

Considering the outcome of this study, it is indicated that these motions could be revealed by using 

kinematics in lifting studies.  

In a study performed by Wagner et al. (2008), the researcher evaluated the difference 

between a static and dynamic analysis of a material handling task using AnyBody modeling 
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software (AnyBody Technology, Aalborg, Denmark). The kinematic and kinetic data were 

obtained by participants as moved boxes and cylindrical objects that was recorded by a Six-camera 

Qualisys Proreflex 240-MCU passive optical motion system. The data were then applied to a 

musculoskeletal body using AnyBody software to replicate the movement of the body during the 

experiment. The results in this study provide an analyzed comparison between low back moments, 

compression and shear forces for dynamic and static contractions.  

In another similar study, Boocock et al. (2015) examined the differences of kinematics and 

kinetics of repetitive lifting of two groups of 14 older participants (mean 47.2 yr.) and 14 younger 

participants (mean 24.4 yr.). Both groups were asked to perform a repetitive lifting task of a 13 kg 

box at frequency of 10 lifts/min for a maximum of 20 minutes. Motion capture analysis system 

and ground reaction forces were used to record participants’ activity while wearing reflective 

markers that were attached to multiple segments of the body to track the position and movement 

of the participants as they performed the experiment. Kinematics of lumbar angles and kinetics 

(joint moment) were recorded throughout the lifting activity. A statistical analysis was obtained to 

investigate the differences back muscles and maximum lumbosacral flexion before and after the 

lifting task. Maximum lumbar, trunk hip and knee flexion angles as well as lumbosacral and trunk 

angular velocities were significantly different between the two groups when comparing the 

duration of the task. The outcome of the study showed that older participants appeared to control 

the risk effects of fatigue associated with repetitive tasks and lumbosacral range of motion. On the 

contrary, young, novice workers appeared to repetitively lift at greater risk of low back injury.     

2.6 Musculoskeletal Injuries and disorder 

 

Many workers with limited material handling experience tend to overexert during work. 

This increases the risk of MSD which is expensive and requires additional help to treat. MSD 
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occurs when a musculoskeletal system or connective tissue is exposed to overexertion or repetitive 

motion such as bending, lifting and reaching. The development of MSD occurs when a handler 

gets exposed to risk factors where fatigue is developed. When overexertion outruns the fatigue 

recovery, a musculoskeletal imbalance occurs. Lastly, when the fatigue outruns the recovery time, 

the worker develops MSD distress (Stock, 1991).  

There is a strong correlation between MMH and MSDs discussed in the literature that 

describes the risk factor of MSDs associated with repetitive lifting. The risk factors for work-

related musculoskeletal disorders (WMSD) were studied (Antwi-Afari et al., 2017). Twenty male 

participants were divided into a group of stoop (n=10) and squat (n=10) performed an activity of 

repetitive lifting of a box from the floor at the waist level and then lower the box down to the floor 

of 5%, 10% and 15% pf the participants’ maximum lifting strength until participant reached 

fatigue. Spinal biomechanics (muscle activity and fatigue) were measured by surface 

electromyography (sEMG). Results showed a significant increase of sEMG as weight of the object 

increased and muscle fatigue occurred in biceps brachii, brachioradialis, lumbar erector spinae, 

medial gastrocnemius except for rectus femoris muscle. Lumbar erector spinae activity was higher 

than all muscles. A significant difference was found between rectus femoris and medial 

gastrocnemius in stoop and squat lifting. The results revealed that industry workers were regularly 

involved in risk factors during repetitive lifting task that could lead to developing a WMSD. 

Therefore, future research is important to guide industry workers when they reach their maximum 

ability of lifting. 

The contribution of three-dimensional dynamic trunk motions to the risk of low back 

disorder during repetitive lifting in manual material handling was assessed by Marras et al. (1993). 

A triaxial electrogoniometer was used to track the 3D components of trunk motion during work 
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time. The device was used to calculate angular position, velocity, and acceleration of the lumbar 

spine as a function of time. After analyzing the data, five task and trunk motion factors were found 

to distinguish between low and high risk of low back disorder. The lifting frequency, mass of 

object, lateral velocity of the trunk, the average twisting velocity of the trunk and the maximum 

sagittal angle of the trunk factors were found to greatly differentiate between low and high-risk 

low back disorders. From the results obtained, the authors found that the model could be utilized 

as a quantitative and objective measure to develop the workplace and reduce the risk of low back 

musculoskeletal disorder in repetitive material manual handling.  

In a questionnaire study (Yeung et al., 2002), the researchers explored the symptoms of 

MSDs in different parts of the body of industrial workers. The authors established a survey and 

conducted interviews with 217 industrial workers with a diverse level of experience in manual 

material handling to evaluate whether a perceived risk of lifting injury was significantly associated 

with MSD in single or several regions of the body based on their own understanding of the 

perceived risks associated with material handling activities in the workplace. From the survey 

collected, it was found that lower back symptoms were among the most common musculoskeletal 

symptoms, followed by shoulder, upper back, hips and neck. Also, the effect of perceived exertion 

was significant for single and multiple body regions.  

2.7  Exoskeleton Effect on Material Handling 

 

Many researchers have evaluated the effect of exoskeletons on muscle activity and fatigue. 

In one study (Huysamen, Bosch, et al., 2018), the researchers utilized a passive upper body 

exoskeleton to test its effect on muscle activity, perceived musculoskeletal pain, local pressure and 

subjective usability for a static overhead activity. This study recruited 8 participants to hold a 0 kg 

and 2 kg weights overhead for a duration of 30 seconds with and without the exoskeleton for both 
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weights. The findings showed that muscle activity was significantly lower in biceps brachii and 

medial deltoid when the exoskeleton was on the participants for the 2 kg weight. Also, the 

perceived effort of the arms was significantly lower when the exoskeleton was on the 2 kg weight. 

There was no significant effect found for the exoskeleton on the trunk or lower extremities for the 

2 kg weight. In conclusion, the exoskeleton was able to significantly lower muscle activity and 

reduce perceived effort in the arms. In addition, no discomfort on any part of the body was found 

in the duration of the activity.  

In order to investigate the effectiveness of an upper-limb exoskeleton during material 

handling, the physiological consequences of utilizing an upper-limb exoskeleton were assessed 

during manual material handling activity to measure muscle activity and fatigue, upper limb 

kinematics postural balance and cardiac cost (Theurel et al., 2018). In this study, 8 participants (4 

males and 4 females) were asked to perform load lifting (LIFT) from the floor to above the waist 

for and back to the floor for 3 minutes, carrying (WALK) distance of 30 meters and stacking and 

unstacking (STACK) of 4 boxes with (EXO) and without (FREE) an exoskeleton. During LIFT 

and STACK activities, the EXO showed a lower significant difference than FREE in triceps brachii 

and tibialis anterior muscles. In addition, tibialis anterior was decreased significantly for EXO in 

WALK activity. The use of the EXO during LIFT activity showed an increase in cardiac cost when 

compared to FREE activity. Furthermore, there was a significant difference found in upper limb 

kinematics in all tasks when comparing FREE and EXO tasks. In conclusion, the use of EXO 

appeared to reduce the workload on the appointed muscles. However, there appeared to be 

physiological consequences carried with the use of the exoskeleton such as increased antagonist 

muscle activity, postural fatigue, cardiovascular demand as well as changes in upper kinematics.   
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The assessment of an active industrial exoskeleton to aid dynamic lifting and lowering 

manual handling tasks (Huysamen, Looze, et al., 2018) was studied. This study recruited twelve 

male participants to perform cyclical lifting and lowering of 7.5 kg and 15 kg loads with and 

without an exoskeleton. EMG was collected bilaterally on the rectus abdominis, erector spinae 

(L3), and biceps femoris. The perceived musculoskeletal effort, contact pressure, and usability 

were also assessed in the study. The findings showed that the exoskeleton device significantly 

reduced muscle activity of the erector spinae (12%-15%) and biceps femoris (5%). The perceived 

effort rating reported by participants when wearing the exoskeleton was significantly less than 

without the device (9.5%-11.4%). The contact pressure appeared to be highest on the trunk region 

and lowest on the shoulders when wearing the exoskeleton. Also, the shoulders showed less 

significant difference of contact pressure when compared to thighs and trunk. In conclusion, the 

device significantly reduced loading on the lower back and hips during the activity. In spite of that, 

wearing the exoskeleton for extended periods of time could lead to discomfort even though the 

perceived pressure results did not exceed the pain pressure threshold.   

2.8 Fatigue in Material Handling 

 
Fatigue can be defined as ‘’a response that is less than expected or anticipated contractile 

response, for a given simulation” (Macintosh & Rassier, 2002). In an attempt to assess the 

definition of fatigue, the abovementioned approaches are acceptable examples to set limits for 

fatigue.  

In this current research project, we assess the definition of fatigue by evaluating the 

relationship between perceived effort scale of fatigue and joint kinematics in MMH tasks. This 

approach could be useful to understand fatigue progress during lifting and lowering different 

incremental weights. Despite the great number of experimental research studies done on isometric 
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constant-force contraction in repetitive lifting (Antwi-Afari et al., 2017; Dolan & Adams, 1998; P. 

Bonato et al., 2002), little research has been revealed on a psychophysical measure and handling 

kinematics gained from lifting and lowering different incremental weights and its effect on the 

technique of lifting and lowering.  

Postural sway is referred to a movement around the axis of the center of gravity. This sway 

is important to produce activities such as walking, running and lifting. Studies that performed 

muscular fatiguing tasks have reported an increase in postural sway resulting from fatigue in the 

lower extremities, upper extremities, back and other regions of the body. Other comparable 

research articles have reported the use of electromyography as a method to measure muscular 

fatigue by quantifying median frequency and mean power frequency (Bannon et al., 2018). Other 

researchers in their studies have reported the use of a psychophysical scale as a tool to measure 

muscular fatigue (Adlerton et al., 2003; Bonato et al., 2003; Dedering et al., 1999). One of the 

most common psychophysical methodologies are the Borg Category Ratio 10 (CR10) scale and 

Borg Rating of Perceived Exertion (RPE). The Borg CR10 is used to correspond to the intensity 

of a task, while the Borg RPE is used to measure the effort and exertion, fatigue and breathlessness 

for a repetitive work physical task (Williams, 2017). Various studies confirmed the reliability and 

validity of the Borg scale for measuring the perceived exertion fatigue of physical tasks and 

exercises (Eston et al., 1987; Eston & Williams, 1988; Shariat et al., 2018; Williams, 2017).  

Physical fatigue that occurs during specific lifting techniques is usually associated with 

extreme lateral flexion or rotation, which can increase the risk of damaging the ligament and 

intervertebral discs (Burgess-Limerick, 2003). There is no scientific reason for avoiding postures 

that involve moderate lumbar spinal flexion, nor is there a rationale for exercising lifting 

techniques from a full squat position (Burgess-Limerick, 2003; Straker, 2003; van Dieën et al., 
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1999). Burgess-Limerick, (2003) discusses recommendations for lifting techniques that are 

supported by current knowledge and can reduce the risk of extreme lumbar vertebral flexion. Some 

of these recommendations include:  

 If possible, utilize robotic aids. 

 If material handling is necessary, reduce the weight of the object. 

 Use a posture that involves a greater range of motion at the knees, hips and vertebral 

column such as a semi-squat posture.  

 Avoid a position that involves an extreme load on lumbar flexion such as stoop position.  

 Avoid hip rotation during the transfer of the load.  

 Avoid lateral hip flexion during lifting the load.  

 As discussed in the literature review above, the stoop tends to be more favorable over the 

squat technique based on the finding that stoop is less fatiguing than squat, even though 

biomechanically it is beneficial to lean on the squat technique for less compression on the 

intervertebral discs in the L5/S1 region (McCormick & Sanders, 1993). In general, the quadriceps 

are particularly fatigued in the squat position because it is at a mechanical disadvantage. In 

contrast, there is more compression force on the lower back for stoop in comparison to squat (Garg 

& Herrin, 1979). Evidently, a study recruited participants to perform tasks with and without any 

instructions on the quadriceps muscles, found that participants selected a lifting technique that 

transitioned towards stoop technique when the quadriceps were fatigued (K. Hagen & Harms-

Ringdahl, 1994). Similarly, a study found that when participants fatigued, their squat lifting turned 

into a stoop technique. On the contrary, those who maintained stoop technique, kept performing 

the same technique throughout the whole study (Giat & Pike, 1992; K. Hagen & Harms-Ringdahl, 
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1994). Therefore, it is evident that fatigability rate is more common with the squat style compared 

to the stoop style. 

2.9  Summary and Conclusion  

 
 In this literature review, several topics related to MMH have been discussed as well as 

summarized in relation to MSD and provided advantages and disadvantages of applying MMH in 

work-related industries. In addition, this literature review looked at the three approaches used for 

designing work-related tasks which are: biomechanical, psychophysical, physiological approaches 

for assessing guidelines for the maximum weight limit. Then, several studies that focused on 

different aspects of MMH were highlighted such as studies focused on kinematics, exoskeleton 

use in manual handling, fatigue caused by manual handling, musculoskeletal injuries and statistics 

regarding manual handling and injuries. Finally, a guideline supported by current knowledge was 

discussed as a reference for safer lifting tasks. After reviewing the literature available, there have 

been countless studies focused on lifting in material handling, but very few discuss and compare 

the similarities and differences in lifting and lowering tasks. In conclusion, it was determined that 

looking at these two tasks in combination of the psychophysical and biomechanical approaches 

would be most beneficial and could be an important source for future research.  
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CHAPTER 3 

EXAMINING THE EFFECT OF BORG SCALE AS A PSYCHOPHYSICAL 

APPROACH OF FATIGUE DURING A MANUAL MATERIAL HANDLING TASK 

3.1  Abstract 

 
Moving objects from one place to another is the most common activity in our daily lives. 

People use a wide range of techniques and movement patterns to perform an activity of material 

handling; however, a rising issue for material handlers of musculoskeletal injuries (MSDs) is 

occurring more frequently. MSDs can be permanent, painful and costly. The numbers of MSDs 

cases and morbidity rates are rising. Currently it is not possible to predict when an injury occurs 

during work tasks, though it is possible to identify conditions that might make a handler susceptible 

to an injury. Musculoskeletal modeling and simulation can help identify conditions that can make 

someone susceptible to an injury, such as predicting factors in kinematics of joint angles that would 

indicate a transitioning from one handling technique to another. Thus, the objective of this study 

was to determine whether lumbar and knee joint angles changed when lifting incremental weights 

under simulated material handling conditions, and whether these changes were correlated with a 

psychophysical scale used to measure the intensity of a task. To fulfill this objective, joint angle 

kinematic data were collected along with a response of perceived exertion as participants 

repeatedly lifted and lowered in incremental weighted box from the floor to a table and back to the 

floor with a 5-minute resting period between each box weight. Marker data were imported to a 

modeling software called OpenSim to generate these activities in simulations. A MANCOVA 

statistical analysis was performed to identify differences in dependent variables (i.e., lumbar joint 

angle, knee joint angles and task intensity response) across the levels of independent variables (i.e., 

box weight, sex, phase, and cycle). A statistically significant difference was found in the activity 

of lumbar for female participants in all loads and for male participants for heavier loads only. 
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There appeared to be a continuous change in the knee joint angles for male participants; however, 

significant change in knee joint angles was seen in female participants when lifting 20 kg and 25 

kg. In addition, a significant change in lifting and lowering pattern was more common in female 

than male participants when lifting and lowering 10 kg, 15, kg and 20 kg for lumbar and knee joint 

angles. The statistical model and simulation results revealed that a correlation, in fact, occurred 

between changes in the joint angles (lumbar region and knee) and Borg scale responses for male 

and female participants. In this study, Borg CR10 response scale has been shown to be a valid 

method to understand the progress of fatigue in repetitive material handling tasks. More work is 

needed to further acknowledge the problem of MSDs by performing experiments consisting of 

physiological, biomechanical and psychophysical measures, simultaneously. 

3.2  Introduction 

 
Manual material handling (MMH) is defined as moving or handling objects that requires 

fundamental skill moves by lifting, pushing, carrying, lowering, pulling or restraining without the 

use of mechanical tools (Clemes et al., 2010; Matebu & Dagnew, 2014). MMH occasionally 

requires extreme trunk flexion which has been identified to increase the likelihood of low-back 

pain (LBP) (W. Marras et al., 1993; Punnett et al., 1991). Despite the modern robotic technology 

and improved workplaces in the handling industry, the Bureau of Labor Statistics (BLS) still 

reported that laborers and hand material movers experienced 10,660 cases of trunk and back 

injuries that accounted for 43% of total non-fatal musculoskeletal injuries in 2016 (Bureau of 

Labor Statistics, 2016). In addition, the material handling sectors is one of the largest sectors that 

consumes over $156 billion a year and recruits over 700,000 workers (MHI - The Industry That 

Makes Supply Chains Work," Material Handling Industry of America). 
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Lifting or lowering a heavy low-lying object is a common MMH task that can potentially 

result in musculoskeletal disorders (MSD), which has been proven to be a major work-related 

injury that can impact the nature of satisfying work progress (Gallagher & Heberger, 2013). There 

are several risk factors known to be associated with MSD when lifting a heavy object such as 

improper execution of lifting tasks and muscle fatigue (Ferguson & Marras, 1997). Among the 

most common physical risk factors involves high force demands, rates of lifting repetition, 

awkward posture, and long duration (Bernard & Putz-Anderson, 1997; Hoogendoorn et al., 1999). 

Despite the use of robots in modern industries, there are numerous assignments that are performed 

physically by material handlers, such as lifting, carrying, pushing and pulling.  

MSDs risk factors are divided into three categories: work-related, individual-related, and 

psychosocial risk factors. The work related (also known as ergonomic) risk factors are developed 

overtime by high force, repetition and awkward posture. Whereas the individual risk factors occur 

over time due to poor work practices, poor fitness, sex, overweight and poor health habits. The 

psychosocial risk factors involve work satisfaction and support, and high level of distress (Costa 

& Vieira, 2009). These risk factors have brought attention to researchers and other agencies to 

conduct more research about the relationship between these risk factors and the development of 

MSD to reduce the risk of injury and eliminate reduced work productivity (Buckle, 2005). 

The most common approaches used for setting up a maximum weight limit are known as 

psychophysical and biomechanical. The first approach is established on the theory of human 

perception (senses) , which is combined with the feelings of internal pain and relief (Ayoub & 

Dempsey, 1999). This approach depends on the participant modifying the weight limit to their best 

level of capabilities without encountering fatigue, loss of oxygen, or weakness. In this approach, 

anthropometric factors such as frequency, distance, height, size of object are usually kept constant. 
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Therefore, the weight selected by the handler is considered as the maximum acceptable weight 

that he/she can handle (Snook & Ciriello, 1991). This approach is accompanied with the use of 

perceive exertion scale of fatigue to measure fatigue, breath and intensity of the exercise (Tursky 

et al., 1982). The second approach is designed to ensure that the task demands are within the human 

body’s force generating capacity. This approach assesses torques and internal compressive and 

shear forces in body joints that arise from the body posture while performing a task of MMH.  

During an MMH task, compressive forces are generated on the lower back, especially on the 

vertebral discs in the L5/S1 segments. The ability of intervertebral discs to withstand compressive 

forces is a key factor in assessing the spine’s compression limits (McCormick & Sanders, 1993) 

and  has been one of the deciding factors in weight limits for this biomechanical approach. This 

approach can be evaluated by the use of computational modeling software, kinematics, EMG, gait 

analysis and faceplate (Shakoor & Moisio, 2004). 

The psychophysical and biomechanical approaches discussed above are designed to 

evaluate tasks such as material handling which is a motion that requires movement in three parts 

of the body: the upper extremities, the lower extremities, and the trunk and head movement 

(Ocupational Health and Safety Organization, 2007). The most common types of techniques for 

executing material handling tasks are known as squat and stoop techniques shown in Figure 1 

below. A number of research studies  (Antwi-Afari et al., 2017; Bernard & Putz-Anderson, 1997) 

have examined  whether stoop or squat techniques is best to apply when lifting low-lying objects, 

while others recommended the semi-squat technique that is a combination of the two techniques 

(Straker & Cain, 2000a). The squat style is quantitatively defined by knee flexion of 45 degrees 

and trunk flexion less than 30 degrees when picking an object from the floor level. The stoop style 

is introduced as a knee flexion greater than 135 degrees with trunk flexion around 90 degrees. A 
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third commonly used style is the semi-squat style which is a combination between the stoop lift 

and the squat lift. The semi-squat style is characterized by knee flexion of 90 degrees and trunk 

flexion around 45 degrees when lifting an object from the floor level (Del Vecchio, 2017). The 

squat technique, where the knees are completely flexed and the trunk is maintained as straight as 

possible, is promoted as the most widely advised lifting technique (Garg & Moore, 1992). As a 

matter of fact, van Dieën et al. (1999) performed a thorough review study of 27 biomechanical 

journal articles comparing squat to stoop techniques and concluded that there was no justification 

for favoring the squat over stoop style. Straker (2003) indicated that all three lifting techniques, 

squat, semi-squat and stoop, had advantages and disadvantages depending on the experimental 

situations, based on the findings of physiological, psychological, biomechanical and clinical data. 

The controversy in results could be due to discrepancies  in the experimental design of the study 

(Del Vecchio, 2017; Straker, 2003; van Dieën et al., 1999), but also from the lack of specific details 

in the definition of lifting technique. This is clearly insufficient for grasping the biomechanics of 

lifting, as well as the essence of lifting technique. These techniques are usually defined by the 

adopted posture of the stoop, squat or semi-squat. Movement coordination is an important element 

to the definition of the posture in material handling (Lindbeck & Kjellberg, 2001), which is 

supported by the fact the inter-joint coordination could be more precise than body posture for the 

definition of the desired technique (Burgess-Limerick et al., 1995).   

Researchers have identified fatigue via the use of EMG for several experimental tasks.  

While other researchers in their studies have reported the use of a psychophysical scale as a tool 

to measure muscular fatigue through perceived exertion of their participants (Adlerton et al., 2003; 

Bonato et al., 2003; Dedering et al., 1999). One of the most common psychophysical 

methodologies are the Borg Category Ratio 10 (CR10) scale and Borg Rating of Perceived 
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Exertion (RPE). The Borg CR10 is used to correspond to the intensity of a task, while the Borg 

RPE is used to measure the effort and exertion, fatigue and breathlessness for a repetitive work 

physical task (Williams, 2017). Various studies confirmed the reliability and validity of Borg scale 

for measuring the perceived exertion fatigue of physical tasks and exercises (Eston et al., 1987; 

Eston & Williams, 1988; Shariat et al., 2018; Williams, 2017).  

 

Figure 1: Demonstration of stoop (A), semi-squat (B), and squat (C) (Burgess-Limerick, 2003) 

 
The link between material handling and low-back pain (LBP) is a driving reason behind 

the large number of studies on material handling activities (Hsiang et al., 1997). LBP affects 80% 

of population during their lifetime (Waddell, 1987) and MMH is well known to be linked to with 

work-related LBP (Marras et al., 1993). It is evident that patients with a history of LBP maintain 

a straight back in different lifting tasks that require trunk movement to distribute the weight of the 

object on the lower extremities instead of lower back (Boston et al., 1995; Rudy et al., 1995) for 

two biomechanical reasons: to maintain   relative timing, or coordination of the hip and knee 

movements (Boston et al., 1993, 1995) and enhance lumbar lordosis posture (Dolan & Adams, 

1993). 
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Despite the wealth of research on manual material handling tasks, few studies have 

examined the difference between lifting and lowering tasks in risk assessment in regard to trunk 

angular motion. Very few compared lifting and lowering activities (i.e., biomechanical, 

psychophysical and physiological) between male and female populations. Lifting tasks are 

typically dominant in risk assessment studies but very few consider examining the two tasks (Costa 

& Vieira, 2009; Ferguson & Marras, 1997). As a matter of fact, 52% of MMH tasks are accounted 

for lowering in industrial workplace (Drury et al., 1982). Yet, to the best of our knowledge, no 

studies have examined the difference in the task intensity between lifting and lowering tasks. 

3.3  Objective 

 
The change in pattern in the joint angle kinematics of lifting and lowering tasks has not 

been widely examined and the relationship between perceived exertion and repetitive tasks is not 

well-understood; therefore, the primary objective of this project was to determine whether and 

how the lumbar and knee joint angles changed as a function of repetitive handling with incremental 

weight increase. The second objective was to determine whether a correlation existed between a 

psychophysical scale of fatigue and these joint angles changed. 

3.4  Methods  

 

3.4.1  Data Collection 

 
Participants signed an informed consent form that was approved by the Institutional 

Review Board of Wichita State University. In total, 27 university aged participants (14 males and 

13 females) volunteered for this study. The mean (SD) age, height and weight were 23.14(8.69) 

yr., 175.9(11) cm, 74.84(17) kg, respectively (detailed anthropometrical information is available 

in Appendix A). All participants completed a health screening questionnaire to confirm that they 
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were free of any MSDs, physical pain, neurological disorders, or any other condition that would 

perturb the outcome of the results prior to participating. 

3.4.2  Experimental Procedure  

 

To achieve the required results for this study, kinematic of joint angles data were collected 

from participants as they performed a task of lifting and lowering. Whole body kinematics were 

recorded using high-resolution video motion-capture analysis (Motion Analysis Corp., Santa Rosa, 

CA). The position data were collected at 50 Hz with a 10-camera motion capture system. The 

system was used to record and visualize the motion of manual material handling tasks. A modified 

Helen Hayes marker set (25 retro-reflective markers) were placed on the participants’ segments 

according to the study protocol to capture joint movement of limb, torso, shank, femur, shoulders 

and head for each as shown in Figure 2 below. For the static trial, participants were asked to stand 

unobstructed in the anatomical position with arms fully adducted as demonstrated by the 

musculoskeletal model shown in Figure 2 below.  

 

Figure 2: Marker set placement on the musculoskeletal body. 
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It was necessary to capture a static trial for each participant to verify the location of the 

joints to define segment measurement. The same marker set was utilized for all trials except for 

medial and lateral knees and ankles markers were excluded during the motion trial. The set of 

markers and their anatomical locations are shown in Error! Not a valid bookmark self-reference.. 

Table 1: Marker set for static trial (left) and lifting and lowering trial (right) 

Static Trial Lifting and Lowering Trial 

Front Head Front Head 

Right Shoulder Right Shoulder 

Left Shoulder Left Shoulder 

Right Elbow Right Elbow 

Left Elbow Left Elbow 

Right Wrist Right Wrist 

Left Wrist Left Wrist 

Right Anterior Superior 

Iliac Spine 

Right Anterior Superior Iliac 

Spine 

Left Anterior Superior Iliac 

Spine 

Left Anterior Superior Iliac 

Spine 

Right Thigh Right Thigh 

Left Thigh Left Thigh 

Right Lateral Knee Right Lateral Knee 

Left Lateral Knee Left Lateral Knee 

Right Lateral Ankle Right Lateral Ankle 

Left Lateral Ankle Left Lateral Ankle 

Right Heel Right Heel 

Left Heel Left Heel 

Right Toe Right Toe 

Left Toe Left Toe 

L5 - Lumbar Vertebra L5 - Lumbar Vertebra 

C7 Vertebra Prominens C7 Vertebra Prominens 

T8- thoracic vertebra T8- thoracic vertebra 

Right Shank Right Shank 

Left Shank Left Shank 

Right Medial Knee  
Left Medial Knee  

Right Medial Ankle  
Left Medial Ankle  
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The experimental procedure was as follows: repetitive lifting and lowering at a prescribed 

load, where a box was loaded with 10 kg for the first trial, 15 kg for the second trial, 20 kg for the 

third trial, 25 kg for the fourth trial and 30 kg for that fifth and last trial. During the first step in the 

experimental procedure, participants were instructed to lift and lower the loaded box for a 

maximum of 12 cycles (i.e., 13 lifts and 12 lowers) or until fatigued. The second step in the 

experimental procedure was post-activity fatigue assessment, where Borg scale (Figure 3) was 

used to record the response of participants’ fatigue immediately after completing each trial. The 

last step in the experimental procedure was a 5-minute rest period before starting the next trial. 

Steps 1-3 were repeated 5 times for each incremental weight or until the participant reached 

fatigue. The post-lifting and lowering task assessment were assessed using the Borg CR10 scale, 

where a response of 1 indicated nothing at all and 10 indicated maximal intense exertion of the 

task shown in Figure 3. 

 

Figure 3: Borg CR10 Scale used to record the intensity of a task response of the participants after 

each trial. 
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The target lift rate was set to be 15 lifts per minute. The handling procedure was as follows: 

the participants stood barefoot on a designated mark on the floor, lifted the box from the floor, 

took two steps forward to another designated mark on the floor and placed the box on the table. 

This action counted as one lift. The participant then lifted the box from the table, stepped back to 

the first mark on the floor and lowered the box again to the floor where it was initially lifted. This 

action counted as one lower. A demonstration of the task is shown in Figure 4 below.  Participants 

were instructed to use a safe handling technique when lifting and lowering the box. Fatigue was 

indicated by one of the following criteria: the participant could not maintain the target rate, 

researchers in the experimental lab identified that participant no longer used a safe handling 

technique, or the participant indicated they could not continue anymore due to fatigue.  

 

Figure 4: Example of a participant performing the lifting and lowering procedure. This figure 

illustrates one cycle where a) is the starting point where the participant lifted the box from the 

ground, b) the participant took two steps and transferred and placed the box on the table, and c) 

the participant then lifted the box from the table and lowered it to the ground.   
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3.4.3  Post Processing Procedure 

 

3.4.3.a OpenSim Data Processing 

 

The kinematic of joint angles data were post processed in Cortex software (Motion 

Analysis Corporation, CA, USA) to identify and track the markers and was used in conjunction 

with the musculoskeletal modeling and simulation software called OpenSim (OpenSim v 4.0) 

(Delp et al., 2007) to track the change in joint angles involved in producing the movement.  Video 

motion capture xyz marker coordinate data were generated by Cortex software and then 

transformed to another xyz format using custom written MATLAB scripts to be compatible with 

OpenSim software. A full body musculoskeletal model consisting of 20 segments and 37 degrees-

of-freedom was obtained for this study to represent the motion of the participant during the 

experiment as shown in Figure 2. For each participant, the static data file recorded during the study 

and was used to scale the musculoskeletal model using the Scale tool, which adjusted the 

participant imported weight and marker position to best fit the musculoskeletal model. In addition, 

an .xml file that consists of marker-set was imported to the main model prior to scaling the model, 

so that the markers scaled to the model and complied with an approximate weight of the 

participant. The next step was to load the converted xyz coordinate file to OpenSim and use the 

inverse kinematics tool to calculate segment positions and joint angles. The resultant kinematics 

were then used to track the changes of the lumbar and knee joint angles.  

3.4.3.b Biomechanics of Knee and Lumbar Flexion/Extension in OpenSim Software 

 
 Flexion is a bending motion in which the relative joint angle between two adjacent 

segments is reduced. On the other hand, extension is a straightening movement in which the 

relative angle of the joint between two adjacent segment increases as the join returns to its 

anatomical reference location (Hamill et al., 2006). OpenSim software defines knee 
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flexion/extension angle as the relative angle between two adjacent segments as shown in Figure 5 

below. The lumbar angle is defined as the flexion/extension movement of the L5/S1 vertebrae 

relative to the ground and is calculated from anatomical landmarks as seen in the Figure 5. Looking 

at the skeletal body shown in Figure 5, the sagittal plane view indicates a clockwise flexing motion 

of the lumbar and knee joints; however, the calculations of joint flexion are given in negative 

values.      

 

Figure 5: Definition of the joint angles of the skeletal model used to generate the kinematic of 

joint angle data in OpenSim for the joint angle and coordination measures. 
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3.4.4  Method to Define the Beginning and End of a Lift and a Lower.  

 
 The beginning and end of one lifting and lowering cycle was determined based on two sets 

of data, the participant’s motion and the velocity of the box. The beginning of a lifting phase was 

defined by the earliest occurrence of a transition predetermined by a threshold of a 0 mm/s value 

that represents first occurrence of a positive velocity of the box from the ground. The end of the 

lifting phase was defined when the positive velocity first returned to 0 mm/s. The beginning of a 

lowering phase was determined based on the first occurrence of a 0 mm/s velocity that is followed 

by negative (downward) velocity. The end of the lowering phase was determined when the velocity 

first reached 0 mm/s seen in Figure 6.  

 

Figure 6: Box velocity of one cycle (mm/s) vs. Time (%). The blue line represents the lifting 

phase. The first blue dot represents the beginning of the lifting phase and the second blue dot 

indicates the end of the lifting phase. The red line represents the lowering phase. The first red dot 

represents the beginning of the lowering phase and the second red dot indicates the end of the 

lowering phase. The step phase represents the distance between the ends of the lifting phase to 

the beginning of the lowering phase. 
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Both lifting and lowering phases were analyzed to look at joint angle curves during the 

lifting and lowering phases. The time of each phase was normalized in terms of 100% of the total 

lift and lower phase of the task. Based on the finding of M. De Looze et al. (1993a) and Hwang et 

al. (2009), the lumbar and knee moments have the highest peak moment within the first 30% of 

the lifting phase and the last 30% of the lowering phase from each lifting cycle. The moment peak 

occurred in accordance when lumbar joint was flexed in the 50-95 degrees range and knee joint 

was flexed in the 140-170 (M. De Looze et al., 1993a; Hwang et al., 2009) which was immediately 

after lifting the box from the ground and immediately before the box was touching the ground in 

the lowering phase.   

  Identifying the velocity can be done by calculating the differences between adjacent 

elements of the box markers. A Butterworth filter design was applied to return the transfer function 

coefficients of a 2nd-order lowpass Butterworth filter with a cutoff frequency of 6 Hz for data 

sampled at 50 Hz that was appropriate to the type of data obtained for this study. A digital filter 

was then applied to obtain smoother data and reduce noise. For demonstration purposes, Figure 7 

represents the velocity of the markers on the box which served to identify the beginning and end 

of each lifting and lowering phase of one sample cycle from one male participant performing the 

first trial (10 kg). With this information, combined with the box velocity data, the lumbar and knee 

angles were calculated by comparing the crossing of the threshold in the box velocity to the time 

corresponding to the lifting and lowering of the box. 
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Figure 7: Demonstration of one cycle consisting of: a) box velocity, b) lumbar joint angle, c) left 

knee joint angle, and d) right knee joint angle with highlighted lifting and lowering phases. 

Green represents the lifting phase and red represents the lowering phase 

In Figure 7, the green dots with highlighted green line refer to each time the box was lifted 

from ground to a full standing phase, and the red dots with the highlighted red line refer to each 

time the box was being placed on the ground from a standing phase. The highlighted segments in 

green and red in the lumbar (Figure 7.b), left knee (Figure 7.c) and right knee (Figure 7.d) were 

defined based on the beginning and end of each lifting and lowering phase from the box velocity 

data in Figure 7.a.  
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Because the focus of this research was to look at joint angle kinematics at the instance the 

box was lifted and lowered, then it was ideal to look at maximum knee flexion and maximum 

lumbar flexion during the lifting and lowering phases  (M. De Looze et al., 1993b; Hwang et al., 

2009). Finally, the data representing the lifting or lowering phases were reduced to maximum 

flexion of the knees and lumbar during a lift and a lower. Appendices B, C, and D demonstrate the 

MATLAB code used to extract this information.  

3.4.5  Statistical Analysis 

To determine whether the fixed factors (also known as independent variables), which were 

box weight, phase, cycle, and sex had any significant effect on the dependent factors (i.e., 

dependent variables) which were Borg responses and the lumbar, left knee and right knee angles 

during manual material handling, a multivariate analysis of covariance (MANCOVA) general 

linear model test was utilized. The fixed factors were sex, box weight and phase (i.e., lift and 

lower). The cycle factor was the number of repetitions of lifting and lowering the box. Two levels 

were counted for the sex factor (male and female), five levels of trials were counted for the box 

weight factor (10, 15, 20, 25, and 30 kg), and two levels were counted for the phase factors (lift 

and lower). The number of levels in cycles were controlled in the first four trials (up to 13 cycles 

or until fatigue); however, in the last trial, the participants were allowed unlimited number of 

cycles. The number of levels in cycles increased until the participant could not lift or lower due to 

fatigue; therefore, the cycle variable was considered as a covariate.  

 The Saphiro-Wilk test was used to determine whether the box weight (i.e., trial), phase, 

cycle and participants were normally distributed. In addition, Levene’s test was used to whether 

the levels of independent factors have equal variances.  
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To detect significant differences in dependent variables across the main factors and two-

factor interactions, the level of significance was set at α = 0.05. The multivariate model consisted 

of all main effects and two-factor interactions with type II sum of squares. Any non-significant 

two factor interactions found were excluded from the model. Each of the factors and interactions 

were tested against all dependent variables. In addition, the sex, phase and trial factors were 

controlled by creating blocks (homogenous groups) to identify, if found, any statistically 

significant difference among the compared levels of each of the factors tested (Wit & McClure, 

2004). 

Estimated marginal means of all fixed factors were obtained to analyze differences within 

phases, weight and sex across all levels of the independent variables against all of the dependent 

variables for multiple reasons: 1) in-depth details of the significant and non-significant levels of 

the independent variables, 2) the effect of one level vs. another level of the same factor compared 

to all dependent variables, and 3) the effect of one level vs. another level of the same factor 

compared to all dependent variables utilizing the blocking methods of sex (male against female) 

and phase (lifting against lowering) to look at statistically significant differences among the 

homogenous groups. The pairwise comparison for the trial factor performed significant main effect 

(p ≤ 0.05) were assessed via a Least Significant Difference (LSD) post-hoc with a Benferroni 

adjustment (dividing α = 0.05 by the number level of comparisons) to reduce the probability of a 

Type I error. The statistical model was analyzed by the Statistical Package for the Social Science 

(IBM, SPSS version 25, Chicago, IL USA).  

Lastly, Pearson correlation was conducted to measure the degree of the linear relationship 

between two sets of data. The correlation was used to test if there was a linear relationship between 

Borg scale responses with the weight of the box and the degree of change in inverse kinematics. 
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This correlation was based on the covariance of two variables and the product of the standard 

deviations; consequently, the results of this correlation has a value that lies between -1 and +1. 

Given a correlation close to value +1 consists of perfectly positive correlation, 0 implies that the 

two variables do not have linear relationship, and -1 implies perfectly negative correlation.  

3.5  Results 

 

3.5.1  Joint Angles  

 
 Joint angles kinematics are shown in Figure 8–Figure 12 below. The mean of lifting and 

lowering cycles of participants for lifting (solid) and lowering (dashed) for lumbar (subplot a), r. 

knee (subplot b) and l. knee (subplot c) for box weights 10 kg, 15 kg, 20 kg, 25 kg, and 30 kg, 

respectively. The error bars were intended to show the variability of joint angles between 

participants. For easier comparison between lifting and lowering tasks, the lowering phases were 

flipped backwards with respect to time. A great level of consistency in terms of motion between 

the lifting and lowering phases are presented in Figure 8-Figure 12 below for all joint angles. 

Although there were some differences in the velocity of execution the task can be observed 

between lifting and lowering tasks, the movement techniques used during both tasks appeared to 

follow a similar pattern throughout each trial. Furthermore, the shift and difference between 

transitioning from one technique to another became clear when comparing the mean of each trial, 

particularly when the lumbar and knees joint angles between trials were examined. The variability 

between trials became larger as weight increased. This is an indication that participants 

transitioned to different lifting and lowering techniques as they were experiencing an intense 

fatigue with heavier loads.  
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Figure 8: The performance of the joint angles from the beginning to the end of a lift and lower 

for all participants. The displayed figures are means of cycles of the first trial (10 kg box weight) 

for lumbar (subplot a), right knee (subplot b) and left knee (subplot c) 

a 

b 

c 
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Figure 9: The performance of the joint angles from the beginning to the end of a lift and lower 

for all participants. The displayed figures are means of cycles of the first trial (15 kg box weight) 

for lumbar (subplot a), right knee (subplot b) and left knee (subplot c) 

 

a 

b 

c 
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Figure 10: The performance of the joint angles from the beginning to the end of a lift and lower 

for all participants. The displayed figures are means of cycles of the first trial (20 kg box weight) 

for lumbar (subplot a), right knee (subplot b) and left knee (subplot c) 

a 

b 

c 



44 

 

 
Figure 11: The performance of the joint angles from the beginning to the end of a lift and lower 

for all participants. The displayed figures are means of cycles of the first trial (25 kg box weight) 

for lumbar (subplot a), right knee (subplot b) and left knee (subplot c) 

 

  

a 

b 

c 
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Figure 12: The performance of the joint angles from the beginning to the end of a lift and lower 

for all participants. The displayed figures are means of cycles of the first trial (30 kg box weight) 

for lumbar (subplot a), right knee (subplot b) and left knee (subplot c) 

 
 

a 

b 

c 
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3.5.2  Descriptive Statistics 

  

Across 120 trials recorded of all participants, the sample size of male and female 

participation in the experiment were 57.5% and 42.5%, respectively. Male participants completed 

all trials except for one participant who verbally stated he reached fatigue at the fourth trial and 

could not complete the fifth trial. On the other hand, three female participants reached the fifth 

trial, seven reached the fourth trial, two reached the third trial and one stopped at the second trial. 

The number of participants who completed each trial (weight level) are present in Figure 13. The 

participants reached a fatigued state based on the average final Borg response of 8.56 ± 1.35 (males 

= 8.40, females = 8.61). The responses given for fatigue rate by participants after each trial are 

presented in Table 2 below. It can be clearly seen from Table 2 that as participants progressed to 

a heavier weight, a higher Borg response was recorded. 

 

Figure 13: The number of participants that stopped due to fatigue at various trials (box weight) 
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Table 2: Borg CR10 responses of all participants during each trial (lifted weight). An X indicates 

that participant did not proceed with the trial due to fatigue. The average of fatigue state was 

calculated when participants reached a fatigued state. 

 Male Participants  

Participants 10 Kg  15 Kg 20 Kg 25 Kg 30 Kg 

1 3.50 5 6 8 8 

2 2.00 3 5 6 8 

3 0.30 1 2 3 7 

4 2.00 3 3.5 6 9 

5 2.50 4 5 6 10 

6 1.00 2 3 4 7 

7 0.50 1 1.5 2.5 8 

8 0.5 0.5 1 2 5 

9 4.00 7 8 10 X 

10 2.00 3 4 6 9 

11 2.50 4 5 7 9 

12 3.00 4 6 10 10 

13 4.00 5 6 8 10 

14 2.00 4 4 5 10 

Average 2.11 3.04 4.00 5.65 8.46 

  Female Participants 

Participants 10 Kg  15 Kg 20 Kg 25 Kg 30 Kg 

15 1.00 3 6.5 10 X 

16 0.30 2 7 10 X 

17 1.50 2.5 4 7 9 

18 2.50 4 6 9 10 

19 3.00 4.5 6 8 9 

20 0.50 3 8 X X 

21 4.00 7 X X X 

22 0.50 3 4 7 X 

23 3.00 4 7 X X 

24 3.00 4 5 8 X 

25 7.00 9 10 10 X 

26 1.00 3 7 9 X 

27 3.00 5 7 8 X 

Average 2.33 4.15 6.46 8.60 9.33 
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Table 3: Mean and standard deviation of male and female participants’ joint angles (lumbar, 

right knee and lift knee) during the lifting and lowering tasks of each weight (trial). 

Sex 

P
h

a
s
e
 

Weight 
Lumbar Right Knee Left Knee 

Mean SD Mean SD Mean SD 
M

al
e 

L
if
ti
n

g
 

10 KG -32.1 7.0 -99.1 30.3 -97.2 30.6 

15 KG -30.7 7.3 -101.0 30.7 -98.9 30.8 

20 KG -31.0 7.0 -105.9 27.9 -102.9 28.0 

25 KG -32.4 10.7 -110.6 26.7 -109.5 27.1 

30 KG -34.5 9.1 -110.0 31.5 -108.6 31.0 

L
o

w
e
ri
n

g
 

10 KG -33.5 6.3 -100.1 30.6 -98.3 31.3 

15 KG -32.0 6.4 -102.2 31.4 -100.5 31.5 

20 KG -32.5 5.5 -107.0 29.3 -104.7 29.1 

25 KG -33.5 8.8 -113.0 26.6 -112.6 26.8 

30 KG -35.1 6.4 -110.3 34.5 -109.5 33.8 

Fe
m

al
e 

L
if
ti
n

g
 

10 KG -27.8 6.9 -125.6 23.5 -125.8 23.2 

15 KG -26.4 6.6 -126.5 21.7 -126.1 21.6 

20 KG -25.7 7.5 -124.3 22.4 -123.6 22.6 

25 KG -27.5 8.3 -125.2 23.2 -124.3 23.4 

30 KG -26.8 6.1 -121.2 21.9 -118.8 20.5 

L
o

w
e
ri
n

g
 

10 KG -29.4 6.1 -129.4 20.1 -129.9 19.7 

15 KG -27.8 5.6 -131.0 19.1 -130.8 18.8 

20 KG -30.0 7.8 -129.8 18.8 -129.6 19.2 

25 KG -32.5 7.6 -127.1 22.7 -126.7 23.0 

30 KG -30.8 3.6 -117.2 34.5 -116.3 33.0 

 

The summary of mean and standard deviation of male and female participants in the lifting 

and lowering phases across each weight is shown in Table 3 above. The joint angle averages for 

lifting for male participants during the first trial (10 kg weight), was -32.1° ± 7 for lumbar and -

99.1° ± 30.3 and -97.2° ± 30.6 for the right and left knee, respectively. The mean of lifting for the 

first trial for female participants was -27.8° ± 6.8, -125.6° ± 23.5 and -125.8° ± 23.2 for lumbar, 

right knee and left knee, respectively. A slightly larger but similar pattern was found during the 
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lowering phase for both groups. The means and standard deviation provided in Table 3 shows that 

the lumbar joint angle stayed consistent throughout the five trials between 27° and 34° for male 

and female participants during the lifting phase and lowering phase. Conversely, the right and left 

knee flexed more as weight increased (-99° to 110°) for male participants, and female participants 

extended their knees as the weight of the box increased (-129° to -117°) throughout the five trials 

during the lifting and lowering phases.   

3.5.3  Multivariate Analysis of Covariance 

 
The statistical analysis summary for multivariate effect for the single and two factor 

interactions is shown in Table 4. The model did not detect a significant difference in the sex factor 

because the sex factor was considered as homogeneous with identical means, therefore, any non-

significant two-factor interactions involving sex were excluded from the model. In addition, the 

sex factor was blocked to identify any further differences among the homogenous groups (i.e., a 

separate MANCOVA for each sex group). The cycle factor was insignificant (p = 0.169) for female 

participants. Also, no statistical significance was found in the interaction between the phase and 

cycle (p = 0.181) for male and (p=0.514) for female participants. The interaction between the trial 

and the phase was insignificant for male participants (p=0.336). The rest of the main and two-

factor interactions were significant at α = 0.05. 
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Table 4: P-values of Multivariate test consisting of main factors and two-factor interactions. P-

values refer to the significance between the levels of the appointed factors or two-factor 

interactions  

 

 

 

 

 

 

 

 

 

 

3.5.4  Estimated Marginal Means 

 
The results of the pairwise comparisons of the estimated marginal means adjusted after the 

Bonferroni correction (α = 0.005) across the levels of trial (box weight) are presented in Table 5. 

The p-values indicate a significant difference in the lumbar joint angles between 10 kg and 30 kg 

for male participants (p = 0.000). Similarly, comparing 15 kg to 30 kg resulted in significant 

difference (p= 0.000) in the lumbar angle for male participants. Significant differences were also 

seen in the lumbar angle when comparing 20 kg vs. 30 kg (p=0.000) and 25 kg vs. 30 kg (p=0.001). 

The p-values associated with both knee joint angles were relatively similar for male participants. 

Significant changes in knee joint angels were seen at the 10 kg vs 20 kg for the right knee 

(p=0.003), 10 kg vs 25 kg for the right and left knee (p=0.000), 10 kg vs 30 kg for the right and 

left knee (p=0.000). In addition, the knee angles significantly differed when comparing the 15 kg 

vs. 25 kg and 15 kg vs 30 kg (p = 0.000) for right knee and (p = 0.000) for the left knee for both 

Factor and 

two-factor 

Interaction 

Male Female 

Sig. 

Participants 0.000 0.000 

Trial 0.000 0.000 

Phase 0.000 0.000 

Cycle 0.000 0.169 

Phase * Cycle 0.181 0.514 

Participants * 

Cycle 
0.000 0.000 

Trial * Cycle 0.000 0.000 

Participants * 

Phase 
0.000 0.000 

Trial * Phase 0.336 0.000 

Participants * 

Trial 
0.000 0.000 
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comparisons. Lastly, only the left knee was significant when comparing the 20 kg vs. 30 kg               

(p =0.002) for male participants. For the female participants, significant differences were identified 

when comparing the 15 kg vs 25 kg (p=0.001) and 20 kg vs 25 kg (0.001) for the lumbar joint 

angles. The statistical model showed less variability in right and left knee joint angles for female 

participants among the different weights. A statistically significant difference was identified when 

comparing 10 kg vs. 30 kg trials for the left knee (p = 0.004). Comparing 15 kg vs. 30 kg trials 

resulted in a significant difference for the left knee (p = 0.002) for female participants. The rest of 

the comparison between the levels of the trials (weight) were found insignificant for both male and 

female participants. For easier comparison, Figure 14 illustrate significant and non-significant 

differences between the levels of the trial factor (weights).   

Table 5: Pairwise Comparison of levels of the trial factor (box weight) with Bonferroni 

adjustment (α = 0.05/ the number of level of comparisons (10)) = 0.005. (P ≤0.005) 

Independent Male Female 

 Variable Dependent Variable Dependent Variable 

(I) Trial 
(J) 

Trial 
Lumbar RKEE LKNEE Lumbar RKEE LKNEE 

10 KG 

15 KG 0.012 0.393 0.391 0.009 0.484 0.728 

20 KG 0.067 0.003 0.008 0.157 0.776 0.448 

25 KG 0.821 0.000 0.000 0.036 0.490 0.232 

30 KG 0.000 0.000 0.000 0.946 0.023 0.004 

15 KG 

20 KG 0.504 0.035 0.074 0.252 0.335 0.273 

25 KG 0.007 0.000 0.000 0.000 0.194 0.135 

30 KG 0.000 0.000 0.000 0.219 0.009 0.002 

20 KG 
25 KG 0.042 0.021 0.002 0.001 0.670 0.615 

30 KG 0.000 0.074 0.013 0.520 0.034 0.013 

25 KG 30 KG 0.001 0.466 0.361 0.228 0.069 0.033 
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Figure 14: Mean of dependent variables across the levels of trial (weight factor) for A) Borg 

CR10 task intensity response, B) lumbar joint angle, C) right knee joint angle, and D) left knee 

joint angle for male participants (left side of each subplot) and female (right side of each subplot) 

participants. The different letters above the error bars refer to a significant different between the 

appointed levels, whereas similar letters refer to a non-significant value in the pairwise 

comparison across the weights.    

The pairwise comparison for the phase factor (lifting and lowering), Table 6, did not 

identify a significant difference for male participants when comparing lifting to lowering phases 

in the lumbar (10 Kg) (p = 0.056), the right knee (10 Kg) (p = 0.0752) and the left knee (10 Kg) 

(p = 0.732). Furthermore, non-significant p-values were also detected when comparing lifting and 

lowering phases during the second trial (15 kg) for lumbar (p = 0.080), right knee (p = 0.733) and 

left knee (p = 0.623) for male participants. Similarly, there was not a significant p-value detected 

during the third trial for male participants for the right knee (p = 0.717) and left knee (p = 0.563). 

During the last trial, male participants showed an insignificant difference when comparing the 
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lifting phase to the lowering phase in the lumbar (p = 0.452), the right knee (p = 0.733) and the 

left knee (p = 0.623). The only significant difference between the lifting and the lowering phases 

was during the third trial (p = -0.031) for the lumbar angle.   

 The female participants showed more variability between the lifting and lowering phases, 

especially in the lumbar angle. As a matter of fact, the lumbar angle showed significant differences 

when comparing lifting vs. lowering in all trials (weights) (p<0.05). Conversely, there was less 

variability seen in the lumbar angle for male participants when comparing the lifting vs. lowering 

phases which generated non-significant differences in all weights except for the 20 kg (p=0.031). 

Looking at the knee joint angles for female participants, significant p-values were detected for the 

left knee (p=0.039) for the 15 kg trial, the right knee (p = 0.027) and the left knee (p = 0.016) in 

the third trial (20 kg). Lastly, no significant difference was found when comparing the lifting vs. 

the lowering phases in the right and left knee angles for male participants in all trials. Figure 15 

illustrates a visual representation of the comparison between the lifting vs. lowering phases across 

each weight for each of the joint angles for male and female participants.  
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Table 6: Pairwise Comparison of Lifting and Lowering phases. Significant at α= 0.05 

Weight IV 
Pairwise Comparison 

(Phase) 

Male Female 

P-Value 

10 KG Lumbar 

Lifting vs Lowering 

0.056 0.030 

RKNEE 0.757 0.123 

LKNEE 0.732 0.089 

15 KG Lumbar 

Lifting vs Lowering 

0.080 0.035 

RKNEE 0.733 0.052 

LKNEE 0.623 0.039 

20 KG Lumbar 

Lifting vs Lowering 

0.031 0.000 

RKNEE 0.717 0.027 

LKNEE 0.563 0.016 

25 KG Lumbar 

Lifting vs Lowering 

0.296 0.000 

RKNEE 0.413 0.576 

LKNEE 0.289 0.471 

30 KG Lumbar 

Lifting vs Lowering 

0.452 0.016 

RKNEE 0.920 0.644 

LKNEE 0.764 0.765 
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Figure 15: Mean of dependent variables across the levels of trial (weight factor) for the 

lifting phase vs. the lowering phase for A) lumbar angle for male participants, B) lumbar 

angle for female participants, C) right knee angle for male participants, D) right knee 

angle for female participants, E) left knee angle for male participants, F) left knee angle 

for female participants. The different letters above the error bars refer to a significant 

different between the appointed levels, whereas similar letters refer to a non-significant 

value in the pairwise comparison across the weights. The comparison in these subplots 

were analyzed separately for each of the weights.     

3.5.5  Analysis of Correlation 

 
The Pearson Correlation analysis provided in Table 7 below indicates that participants had 

a significantly positive correlation between the lumbar angle and Borg responses and significantly 

negative correlations between the right and left knee angle and Borg responses.  One dependent 
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variable pair with a significant correlation was found between the Borg responses and lumbar angle 

(Pearson Correlation (r) = -0.172, p= 0.002) for male participants. Additionally, a significant 

negative correlation was noticeable between Borg and the right knee (r = - 0.329, p = 0.00) and 

left knee (r = -0.341, p = 0.00) for male participants.  Female participants did not exhibit significant 

correlation between Borg Responses and lumbar angle (r = 0.031, p = 0.288). However, a 

consistent correlation was found between Borg response and the right knee angle (r = 0.139, p = 

0.038) and Borg response and left knee angle (r = 0.156, p= 0.041).  

Table 7: Pearson Correlation (r) of Variables with bolded p-value for significant correlation. A 

correlation close to (r) = -1 indicate linear negative correlation between variables and a 

correlation close to (r) =+1 indicates a linear positive correlation between variables.  

Correlations 

Sex Lumbar RKNEE LKNEE BORG 

M
al

e 

Lumbar 

Pearson 

Correlation 
1.000 -.293** -.299** -.172** 

Sig. (2-tailed)   0.000 0.000 0.002 

RKNEE 

Pearson 

Correlation 
-.293** 1.000 .994** -.329** 

Sig. (2-tailed) 0.000   0.000 0.000 

LKNEE 

Pearson 

Correlation 
-.299** .994** 1.000 -.341** 

Sig. (2-tailed) 0.000 0.000   0.000 

BORG 

Pearson 

Correlation 
-.172** -.329** -.341** 1.000 

Sig. (2-tailed) 0.002 0.000 0.000   

F
em

al
e
 

Lumbar 

Pearson 

Correlation 
1.000 -.124** -.112** 0.031 

Sig. (2-tailed)   0.000 0.000 0.288 

RKNEE 

Pearson 

Correlation 
-.124** 1.000 .992** 0.139 

Sig. (2-tailed) 0.000   0.000 0.038 

LKNEE 

Pearson 

Correlation 
-.112** .992** 1.000 0.156 

Sig. (2-tailed) 0.000 0.000   0.041 

BORG 

Pearson 

Correlation 
0.031 0.139 0.156 1.000 

Sig. (2-tailed) 0.288 0.038 0.041   
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3.6  Discussion  

 
 Manual handling is a movement that requires the motion of the entire body, particularly, 

the torso and lower and upper extremities. Material handlers tend to use various handling 

techniques, i.e., stoop, squat and semi-squat techniques, based on their comfort and the weight of 

object being handled. There is an elevated risk of injury in many industrial work-placers due to 

unsafe work environment and handling of objects during lifting, lowering and moving tasks. 

Therefore, the objective of this research was to investigate whether the lumbar, and knee joint 

angles changed when executing incremental weights under simulated material handling 

conditions, and whether these changes were correlated with a psychophysical scale of fatigue. 

From this objective, a key finding was that when changes in joint angle kinematics were analyzed, 

there was a statistically significant difference between handling different box weights; meaning, 

the changes in joint angles were affected by the box weight in one level of the trials compared to 

the rest of the level factors (i.e., different weights); therefore, a statistically significant correlation 

was presented by comparing Borg scores and joint angle data.  

3.4.1  The Response of the Intensity of the Task and Fatigue  

  
The first key finding was that there was a statistically significant difference in the handling 

technique between male and female participants based on the mean and standard deviation of the 

joint angle provided in Table 3  above. The outcome examined the biomechanics of joint angles 

of material handling technique in males, compared to females. Sex and object mass have frequently 

been shown to impact lifting and lowering techniques (Marras et al., 2003; Plamondon et al., 2014) 

which aligns with the results of the current study based on the means provided in Table 3 where 

female participants performed the squat technique and shifted toward semi-squat technique and 
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male participants perfumed a stoop technique and shifted toward a semi-squat as the box mass 

increased throughout the trials.  

 Based on the variables in Table 3, the lumbar angle stayed consistent throughout the first 

four trials for male participant and the first three trials for female participants. A significant change, 

in terms of comparison, occurred at the 30 kg box weight. Interestingly, there was a significant 

change of 10° degrees of flexion of both knees in both phases when comparing 10 kg vs. 30 kg. 

On the other hand, female participants had quite the opposite expectations in terms of means of 

knee joint angles. There was an increase of 6° of knee extension during lifting phase and 12° of 

extension during the lowering phase based on the comparison of means of 10 kg box weight and 

30 kg for the for the right and left knee angle. Yet, only the left knee appeared significant when 

comparing the 10 kg vs. 30 kg. This is an interpretation that the shift in the method of material 

handling as the box weight became heavier. The change in these variables were not what was 

predicted. As the box mass became heavier, male participants stayed consistent in terms of 

technique in the lumbar region in the first four trials but flexed their knees (toward squat technique) 

consistently, to distribute the mass of the box on lower extremities instead of the lower back. The 

opposite was noticed by the performance of female participants where they extended their lumbar 

after the third trial (20 kg) and flexed their knees as weight became heavier. This is an indication 

that female participants may have approached a fatigued state but continued to complete the 

experiment with a stoop technique given the mechanical advantages it offers when lifting heavier 

objects (Garg & Saxena, 1979). However, since this experiment was performed by inexperienced 

handlers, the variability was large. Additionally, participants were not advised to perform the 

experiment in a certain technique, rather, they were instructed to perform the experiment safely. 

The effect of mass of the box was found to be a major effect on performance of participants in 
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terms of sex. This is not a surprise because the change in weight has a great effect on the 

coordinated moments and joint angles for both sex groups (Davis & Marras, 2000; Schipplein et 

al., 1990). In addition, because only 3 female participants were able to reach the 30 kg weight. 

Therefore, it was difficult to interpret the data with larger variability and a small sample size.  

The means (SD) for Borg CR10 intensity responses for each trial are shown in Table 2 

above. Both male and female participants responded to a similar rate of intensity of the task for all 

weights. Looking at subplot (A) in Figure 14, the average response for the intensity of the task 

given by male participants after the 30 kg trial was significantly different from the responses after 

the 10 kg, 15 kg and 20 kg trials. Interestingly, the response given by female participants after the 

30 kg weight was only significantly higher than the 10 kg, 15 kg and 20 kg. In addition, the average 

response given by female participants after the 25 kg was significantly higher than the average of 

those responses in the 10 kg and 15 kg trials. Given the statistical differences in response rates and 

the number of participants that reached maximal intensity of a task, it can be concluded that male 

participants repetitively lifted and lowered the 25 kg and 30 kg box weight before experiencing a 

sign of intense fatigue because most male participants reached the 30 kg weight; however, most 

female participants stopped the activity due to fatigue in the fourth trial (25 kg).  

3.4.2  Joint Angle Analysis  

 
 Knee angles seem to be related by the mass of the box and sex. Interestingly, when the load 

was lighter, females in the study tended to bend their knees more at the first trial (-125°, Table 3), 

probably to protect themselves from maximizing the moment on their back. On the opposite, males 

started the first trial with the lightest weight with larger knee extension (-97° Table 3) and flexed 

their knees more as weight became heavier (-107°, Table 3), likely to protect against back lifting. 

Only the male participants’ outcome lines up with the results of Sheppard et al. (2016), where they 
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indicated that their participants bent their knees more as mass started increasing. In addition, there 

was noticeably significant differences in the activity of both knees within the comparison of all 

weights for male participants (Table 5). This is an indication of a transition from one handling 

technique to another. On the contrary, there was more non-significant p-values detected for both 

knees for female participants (Table 5). This could be because female participants reached fatigue 

sooner, also the sample size was small (i.e., only three female participants reached the fifth trial).  

Lumbar joint angle was relatively similar in male and female participants. Looking at 

subplot B in Figure 14, the variability in change in lumbar joint angle was larger in males than 

females, yet was not significantly different. The results from Sheppard et al. (2016)  experiment 

showed that the lumbar joint angles were not affected by sex or weight. In addition, Davis & 

Marras (2000) found that when the weight of the object was light, there was no significant 

difference in the lumbar region variables between males. These results also line up with the 

pairwise comparison provided in the results section in Table 5 above. However, Faber et al. (2007) 

found more lumbar flexion with lighter weights. It can be seen from Table 5 (Figure 14 subplot 

(B)) that lumbar joint angles were insignificant when comparing the 10 kg, 15 kg, 20 kg and 25 

kg except for the 30 kg trial which appeared to be significantly different from the rest of the weights 

for male participants. This means that there was barely any change in the method of handling the 

box in the first four trials in terms of the technique used during each trial. The significant change 

in joint angles started after the fourth trial, 25 kg box weight, which also indicated a change in the 

pattern in lifting and lowering technique. For female participants, the significant change in lumbar 

joint angle occurred after the fourth trials, after 25 kg box weight. The sudden change that occurred 

in the trunk region for female participants may be an explanation of a higher intensity rate of the 

task which could have led to a fatigued state that could have occurred anywhere during the third 
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and fourth trials (i.e., anywhere between 20 kg and 25 kg). The insignificant change in lumbar 

joint angle during that last trial may be due to the small sample size among females that completed 

the last trial.  

 The change in range of motion between trials for different box weights for the knee and 

lumbar angle was observed. The angle measures indicated a change from a stoop technique to a 

semi-squat technique for most male participants and from a squat technique to a semi-squat 

technique for female participants. The transition toward a stoop technique (i.e., maximal lumbar 

and knee flexion) was found in several participants. Although given the advantage that the stoop 

lift has been studied to be physiologically less demanding (Garg & Saxena, 1979; K. B. Hagen et 

al., 1993; Petrofsky & Lind, 1978), this eliminates the advantage of protecting themselves from 

low back lifting and lowering. 

 The peak lumbar flexion recorded after initiating the lifting and ending the lowering phases 

within trials, especially during the last two trials (25 kg and 30 kg), seemed to have the greatest 

change (from -32° to -36°) which may indicate a greater risk for low back pain or lower back 

injury. In addition, less knee range of motion may also indicate a state of fatigue in the knee 

extensors. The reduced demand on knee flexion could in fact increase the demand on the lower 

back if the knees are fully extending during lifting objects from the ground (Trafimow et al., 1993). 

Because the movement of the knees and lower back are highly interdependent during the execution 

of objects from the ground; hence, the evaluations of trunk and knee joint angles simultaneously 

is beneficial (Toussaint et al., 1992).  

3.4.3  Lifting and Lowering, Similarities and Differences.  

 
 The joint angle curves observed in Figure 8–Figure 12 for the lifting and lowering phases 

(flipped) were reasonably similar. On a small scale, peak joint angle kinematic data were lower in 
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the lowering phase, yet not significantly different from the lifting phase. For example, the observed 

maximum lumbar flexion was more in the lowering phase than the lifting phase. The significant 

change occurred for female participants during all weights as seen in Table 6.  In both phases, the 

lumbar, right and left knee angles reached maximum flexion immediately after a lift-off and right 

before placing the weighted box on the ground again.  

 The statistical analysis for the pairwise comparison between lifting and lowering phases 

showed that the only significant difference was seen in the third trial (20 kg) (p=0.031) for lumbar 

angle for male participants. Conversely, the lumbar angle was significantly different between the 

lifting phase and lowering phase for the 10 kg (p=0.030), 15kg (p=0.035), 20 kg (p=0.000), 25 kg 

(p=0.016) and 30 kg for female participants (Table 6, Figure 15 subplot B). This is an indication 

that female participants adopted a specific technique for lifting and another technique for the 

lowering phases for the lumbar region while male participants generally maintained the same 

handling technique for both lifting and lowering phases. The analysis shown in Figure 15 subplot 

(B) shows more flexion during the lowering phase when comparing it to the lifting phase. This 

may be an indication that the lowering tasks require more biomechanical work and consumes more 

energy than the lifting phase. A study conducted by  De Looze et al. (1993b), revealed lift and 

lower differences in the L5/S1 joint angle as a results of maximum flexion angle. Their findings 

showed that no significant difference was observed between the lifting and lowering phase. The 

results of this study partially support the results of the current study as only male participants 

indicated no significant difference between the lifting and lowering phases.  

 The knee angles showed insignificant differences between lifting and lowering for male 

participants during all weights (i.e., trials). From this finding, the difference between lifting and 

lowering was minimal between both tasks. On the other hand, female participates showed 
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significant differences between lifting and lowering for the left knee during the second trial (15 

kg) (0.039) and the right and left in the third trial (20 kg) (p=0.0027) and (p=0.016), respectively. 

However, during the first and last two trials, 10 kg, 25 kg and 30 kg box weights, there was 

insignificant differences between the lifting phase and lowering phase for both knees. The 

significant difference between lifting and lowering indicates that female participants also adopted 

a specific technique for both tasks. The insignificant p-value reported during the last two trials was 

likely because most female participants fatigued at the end of the 15 kg box weight or in the middle 

of the 20 kg box weight.   

 Using a psychophysical methodology, Lee (2003) determined the minimum acceptable 

handling time for various tasks at various weights (10, 15, and 20 kg) without becoming strained, 

uncomfortable, weakened, overheated or out breath for 4 hours. The finding of this research greatly 

lined up with our finding that a statistically noticeable difference could be seen for the performance 

of participants between the 20 kg box weight and the 25 kg or 30 kg box weights.   

3.4.4  Correlation between Variables  

 
 Pearson correlation (Table 7) was used to measure how strong two sets of data were linearly 

correlated. This correlation was able to present information based on the covariance of two sets of 

variables and the product of their standard deviation. For instance, looking at the Borg response as 

one variable and lumbar as another variable, it can be seen that Pearson Correlation indicated a 

value of negative linear correlation of r = -0.172 (p= 0.002) for male participants. In other words, 

as the Borg rating intensity increased, a decrease the lumbar angle was recorded. Interestingly, 

when looking at Borg and lumbar joint angles as a correlation which generated r = 0.031 (p = 

0.228) for female participants. This is an interpretation that change in lumbar joint angle did not 

line up with the changes that occurred in the Borg intensity rating by female participants. The 



64 

 

correlation of Borg responses and the right knee angle gave positively linear correlation of r = 

0.139 (p = 0.038) and Borg and left knee angle indicated a positively linear correlation of r = 0.156 

(p =0.041) for female participants. This indicates that as the Borg response increased, both knees 

experienced an increase in the joint angles as well. Comparatively, male participants showed 

significantly negative correlation when looking at Borg responses and the right knee with a value 

of correlation r = -0.329 (p=0.0) and the left knee r = -0.341 (p=0.0). The reason for this negative 

correlation is because the knee joint angles in male participants decreased (flexed) throughout the 

trials as the box weight became heavier and the Borg responses increased.  

 Given this information, it can be concluded that as female participants progressed 

throughout the experiment, their change in joint angles with the responses of Borg provided were 

more negatively correlated than those findings of male participants. Additionally, the correlation 

between Borg and lumbar, also Borg and knee angles could be an acceptable indicator of that 

explained how the task became more intense and fatigued progressed because as participants 

shifted their technique of handling the weighted box, the participants responded with a high Borg 

score.  
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CHAPTER 4 

CONCLUSIONS 

4.1  Conclusions 

 
The rationale of this project was to collect experimental data from human participants to 

identify the joint angle kinematics of participants as they performed lifting and lowering tasks and 

how the body adapted to different changes as fatigue progressed and weight increased 

incrementally. The work proposed above was studied to reveal general aspects of the 

musculoskeletal body such as joint angle variation, pattern of joint angles during the task, motion 

of lifting and lowering techniques, correlation of perceived exertion and joint angles. In addition, 

the Borg Scale served to reveal how fatigue progressed as the body transitioned to different lifting 

and lowering techniques with different incremental weights. The findings of this project could 

contribute to aid persons who lift and lower repetitively, and thereby reduce the injury rate of the 

musculoskeletal disorder and other injuries related to similar tasks by implementing the 

psychophysical approach. 

 Manual handling is an essential activity of any person in daily living. This activity serves 

to move objects from one destination to another. This research was conducted to understand the 

effect of lifting and lowering a weighted box on body kinematics (i.e., joint angles) that constitutes 

a handling technique and to identify a correlation between a psychophysical scale of intensity 

(Borg CR 10) and the change in patterns in the lumbar, right and left knees in a repetitive task 

under a simulated material handling environment. The findings of this study identified a 

relationship between the change in joint angles and intensity scale as participants fatigued. 

Additionally, significant differences were identified between male and female participants, lifting 

and lowering tasks, different box weights, transitions of lifting and lowering techniques as weights 
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increased and a state of fatigue was noticeable. Male participants were able to repetitively lift a 30 

kg box before getting an extreme sign of exhaustion and fatigue, while female participants 

repetitively lifted and lowered a box weighing 25 kg before a sign of extreme fatigue. Based on 

the means provided, lifting tasks may be more favorable particularly if the box was heavier 

compared to lowering tasks because there was less variability during the lifting phase. Also, there 

was a noticeable transition in the technique applied by male participants at 25 kg and female 

participants at 20 kg. This study provided information on the relationship between the 

biomechanics of joint angles of manual handling and a psychophysical scale of fatigue that may 

be useful in the identification of intensity of a task for those who have a manual handling job with 

frequent repetition to eliminate a sign of exhaustive fatigue.  
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CHAPTER 5 

FINAL STATEMENT 

5.1  Limitations  

 
 The study was conducted based on a larger approach; therefore, some limitation in the data 

collected were challenging to conduct this current research. In the literature, it is important to 

identify the similarities and differences between the lifting and lowering techniques. First, the 

original study did not require the participants to perform the experiment in a specific technique, 

thus, in the current study, we were unable to quantify any differences between specific lifting and 

lowering techniques; however, a noticeable transition from one technique to another was seen as 

the box weight increased. A second limitation is the experience of participants. The participants in 

this experiment did not have experience in manual handling. In manual handling tasks studies, it 

could be beneficiary to conduct the experiment with experienced and unexperienced participants 

to quantify differences in perceived exertion rates and their correlation with the type of technique 

used. As a result, the outcome of this study may not be generalizable to people with actual handling 

experience. The third limitation of the study is physiological measurements. As indicated above, 

the purpose of the collection of the data was implied for a larger approach, so the physiological 

measurements such as heartrate and oxygen consumption were not implemented in this study. If 

the physiological approach was implemented in this study, it could have greatly supported the 

outcome of this study since the measurements of heart rate and oxygen consumption have been 

shown to validate how fatigue progresses during repetitive tasks and can provide a strong 

correlation to the psychophysical approach.  
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5.2 Future Research  

 
 This research provides a framework to analyze the fundamentals of joint angles in manual 

handling tasks and its relationship to fatigue response. Future research could be conducted with 

two groups of material handlers, experienced and unexperienced. In addition, physiological 

variables such as heart rate, oxygen consumption, and highly repetitive tasks should be included 

in future studies to provide a broader approach to understand fatigue during manual handling to 

improve the handler’s skills and eliminate major signs of injuries. Also, there is a lack in the 

literature that identifies the differences between lifting and lowering tasks while executing objects 

repetitively at different techniques while implementing the biomechanical, psychophysical, and 

physiological approaches, simultaneously. Kinematic joint angle data of upper extremities should 

also be included alongside of electromyography to understand the activity of muscles and motion 

of arms and shoulders during the execution of objects. With all of these variables discussed, future 

research should be able to further understand the activity of muscle and musculoskeletal human 

body during manual material handling. The current research is only a beginning of what can be 

used on a larger scale to help eliminate the issue of musculoskeletal disorder and reduce absence 

days from work due to injuries.    
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APPENDIX A 

 

A.  Anthropometric Measures of Participants 

 
 

Participant Sex 
Weight 

(kg) 
Height 
(cm)  Age (yr.) 

AG M 86.2 180.34 22 

AH M 95.2 182.8 26 

B M 88.4 182.8 21 

C M 103.4 182.8 23 

D M 106.6 190.5 24 

E M 81.6 190.5 23 

F M 72.6 205.74 25 

Q M 83.9 175.26 20 

T M 70.3 175.26 22 

U M 93.0 182.8 23 

V M 68.0 175.26 24 

W M 80.7 175.26 22 

X M 93.9 187.96 20 

Z M 86.2 177.8 27 

AA F 52.2 167.64 21 

AE F 63.5 162.56 24 

AF F 72.6 180.34 20 

AI F 54.4 170.18 24 

G F 68.0 175.26 19 

H F 76.2 172.72 32 

I F 42.2 154.94 21 

K F 70.3 170.18 31 

L F 54.4 175.26 22 

P F 64.4 167.64 22 

R F 49.4 154.94 24 

S F 56.7 165.1 22 

Y F 65.8 160.02 23 
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APPENDIX B 

 

B.  MATLAB Code Used to Calculate Joint Angle Kinematics from Each Participant 

Individually 

 
% getBodyAngles_v2.m 

  
clear,clc 

  
% Path to the data 
boxPath = ''; 
% Filename of data to read in 

  
boxFile = ''; 
bodyFile = ''; 

  
% Construct full paths 
box = fullfile(boxPath,boxFile); 
body = fullfile(boxPath,bodyFile); 

  
% Read in the data (numerical values only - no headers) 
boxData = dlmread(box,'',6,0); 
bodyData = dlmread(body,'',11,0); 
tMot = bodyData(:,1); 

  
% Get body angle measurements 
lumbar = bodyData(:,22); 
L.Knee = bodyData(:,18); 
R.Knee = bodyData(:,11); 

  
% Differentiate position to get velocity 
vel = diff(boxData); 

  
% Construct filter and filter data 
[b,a] = butter(1,2/25); 
f = filtfilt(b,a,boxData); 

  
% Get mean of filtered and unfiltered data 
G = cell(11,1); 
for Marker = 1:10 
    G{Marker} = diff(f(:,2+3*Marker)); 
end 
G{11} = mean([G{1} G{2} G{3} G{4} G{5} G{6} G{7} G{8} G{9} G{10}],2); 

  
z = cell(11,1); 
for i = 1:10 
    z{i} = boxData(:,2+(i*3)); 
end 
z{11} = mean([z{1} z{2} z{3} z{4} z{5} z{6} z{7} z{8} z{9} z{10}],2); 
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% Get time and z-component velocity of box data 
TransitionPos = cell(11,1); 
TransitionNeg = cell(11,1); 

  
%For each marker in the data 
for Marker = 1:11 
    %resetting the index to trans pos 
    ii = 1; 
    iii= 1; 
    TransitionPos{Marker}(1) = 0; 
    TransitionNeg{Marker}(1) = 0; 

     
    %check each frame in the data %removing the last 12 cus we can't check 
    %the time after data collection 
    for frame=13:(size(G{Marker},1)-13) 
        %if the current frame is within 0.2 of 0 and below 300 mm, and the 

next 12 frames are 
        %above 0.2, then we detect a lift.   
        if (abs(G{Marker}(frame))<0.3) && ... 
           (all(G{Marker}(frame+1:frame+12)>0.3)) && ... 
           (z{Marker}(frame)<300)  
            %store the current frame as a pos trans  
            TransitionPos{Marker}(ii) = frame; 
            ii = ii + 1; 
        end 
       %if the current frame is within 0.2 of 0 and below 300 mm, and the 

next 12 frames are 
        %above 0.2, then we detect a lift.  
        if (abs(G{Marker}(frame))<0.3) && ... 
           (all(G{Marker}(frame+1:frame+3)<0.3)) && ... 
           (z{Marker}(frame)<300) && ... 
           (frame> TransitionNeg{Marker}(max(iii-1,1))+100) && ... 
           (frame>100) 
            % store the current frame as a neg trans (only if it ends a 
            % cycle) 
            if ii == iii + 1 
                TransitionNeg{Marker}(iii) = frame; 
                iii = iii + 1; 
            end 
        end 
    end  
end 

  

  
% Get the indices of end of lift/beginning of lower (new 6/7/2021) 

  
   liftEnd = zeros(length(TransitionPos{11}),1); 
   lowerBegin = zeros(length(TransitionNeg{11}),1); 
for i = 1:length(TransitionNeg{11}) 
    segment = G{11}(TransitionPos{11}(i):TransitionNeg{11}(i)); 

     

      
    % Get all zero crossings 
    zidx = find(diff(segment >= 0)); 
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    % Get the end point of a lift 
    [~,midx] = max(segment); 
    [~,eidx] = min(abs(zidx(zidx>midx)-midx)); 

  
    % Get the beginning point of a lower 
    [~,midx] = min(segment); 
%     [~,bidx] = min(abs(zidx-midx)); 
    [~,bidx] = min(abs(zidx(zidx<midx)-midx)); 

     

     
   liftEnd(i) = TransitionPos{11}(i) + zidx(eidx); 
   lowerBegin(i) = TransitionPos{11}(i) + zidx(bidx); 
end 

  
% (Optional) Check if there is an additional lift at the end 
if length(TransitionPos{11}) > length(TransitionNeg{11}) 
    segment = G{11}(TransitionPos{11}(i+1):end); 

     
    % Get zero crossing if it exists 
    zidx = find(diff(segment >= 0)); 

     
    % Get the end point of a lift 
    [~,midx] = max(segment); 
    [~,eidx] = min(abs(zidx(zidx>midx)-midx)); 

     
    liftEnd(i+1) = TransitionPos{11}(i+1) + zidx(eidx); 
end 

  
%% combining all velocity data and resulting in mean of these data sets  
figure(2) 
subplot(4,1,1) 
plot(G{11},'k') 
hold on 
scatter(TransitionPos{11},G{11}(TransitionPos{11}),'Filled','g') 
scatter(TransitionNeg{11},G{11}(TransitionNeg{11}),'Filled','r') 

  
% Plot scatters indicating discrete lift/lower events 
    scatter(liftEnd,G{11}(liftEnd),'Filled','g') 
for i = 1:length(liftEnd) 
    plot(TransitionPos{11}(i):liftEnd(i),... 
        G{11}(TransitionPos{11}(i):liftEnd(i)),'g') 

  
end 

  
scatter(lowerBegin,G{11}(lowerBegin),'Filled','r') 
for i = 1:length(lowerBegin) 
    plot(lowerBegin(i):TransitionNeg{11}(i),... 
        G{11}(lowerBegin(i):TransitionNeg{11}(i)),'r') 
end 
hold off 

  
ylabel('Box Velocity (m/s)') 
xlabel('Time (50 Frames/s)') 
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title('Mean Velocity of All Markers') 

  
subplot(4,1,2) 
plot(lumbar,'k') 

  
ylabel('Lumbar Extension (deg^\circ)') 
xlabel('Time (50 Frames/s)') 
hold on 

  
% Get the locations of the angles for lumbar 
scatter(TransitionPos{11},lumbar(TransitionPos{11}),'Filled','g') 
scatter(TransitionNeg{11},lumbar(TransitionNeg{11}),'Filled','r') 

  
% Plot scatters indicating discrete lift/lower events 
    scatter(liftEnd,lumbar(liftEnd),'Filled','g') 
for i = 1:length(liftEnd) 
    plot(TransitionPos{11}(i):liftEnd(i),... 
        lumbar(TransitionPos{11}(i):liftEnd(i)),'g') 
end 

  
    scatter(lowerBegin,lumbar(lowerBegin),'Filled','r') 
for i = 1:length(lowerBegin) 
    plot(lowerBegin(i):TransitionNeg{11}(i),... 
        lumbar(lowerBegin(i):TransitionNeg{11}(i)),'r')     
end 

  
subplot(4,1,3) 
plot(L.Knee,'k') 
ylabel('Left Knee Angle (deg^\circ)') 
xlabel('Time (50 Frames/s)') 
hold on 
scatter(TransitionPos{11},L.Knee(TransitionPos{11}),'Filled','g') 
scatter(TransitionNeg{11},L.Knee(TransitionNeg{11}),'Filled','r') 

  
% Plot scatters indicating discrete lift/lower events 
    scatter(liftEnd,L.Knee(liftEnd),'Filled','g') 
for i = 1:length(liftEnd) 
    plot(TransitionPos{11}(i):liftEnd(i),... 
        L.Knee(TransitionPos{11}(i):liftEnd(i)),'g') 

  
end 

  
    scatter(lowerBegin,L.Knee(lowerBegin),'Filled','r') 
for i = 1:length(lowerBegin) 
    plot(lowerBegin(i):TransitionNeg{11}(i),... 
        L.Knee(lowerBegin(i):TransitionNeg{11}(i)),'r')     
end 

  

  
subplot(4,1,4) 
plot(R.Knee,'k') 
ylabel('Right Knee Angle (deg^\circ)') 
xlabel('Time (50 Frames/s)') 
hold on 
scatter(TransitionPos{11},R.Knee(TransitionPos{11}),'Filled','g') 
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scatter(TransitionNeg{11},R.Knee(TransitionNeg{11}),'Filled','r') 

  
% Plot scatters indicating discrete lift/lower events 
    scatter(liftEnd,R.Knee(liftEnd),'Filled','g') 
for i = 1:length(liftEnd) 
    plot(TransitionPos{11}(i):liftEnd(i),... 
        R.Knee(TransitionPos{11}(i):liftEnd(i)),'g') 
end 

  
    scatter(lowerBegin,R.Knee(lowerBegin),'Filled','r') 
for i = 1:length(lowerBegin) 
    plot(lowerBegin(i):TransitionNeg{11}(i),... 
        R.Knee(lowerBegin(i):TransitionNeg{11}(i)),'r')     
end 

  

  
% Clean up the figure a bit 
set(gcf,'Position',[800 0 850 1000]) 

  
lumbarUp = lumbar(TransitionPos{11}); 
lumbarLow = lumbar(TransitionNeg{11}); 

  
RkneeUp = R.Knee(TransitionPos{11}); 
RkneeLow = R.Knee(TransitionNeg{11}); 

  
LkneeUp = L.Knee(TransitionPos{11}); 
LkneeLow = L.Knee(TransitionNeg{11}); 

  
%% Calculate the mean of all lift/lower intervals 

  
% Grid to interpolate onto (0 - 100%) 
vq = 0:0.1:100; 
meanVelocity = zeros(size(vq)); 

  
mean_lumbar_lift = zeros(size(vq));  
mean_rknee_lift = zeros(size(vq));  
mean_lknee_lift = zeros(size(vq));  

  
mean_lumbar_lower = zeros(size(vq));  
mean_rknee_lower = zeros(size(vq));  
mean_lknee_lower = zeros(size(vq)); 
% Interpolate lift data 
for j = 1:length(TransitionNeg{11}) 

  
    liftS = TransitionPos{11}(j); 
    liftE = liftEnd(j); 
    lowerS = lowerBegin(j); 
    lowerE = TransitionNeg{11}(j); 

  
    lenLift = liftE - liftS; 
    liftX = 0:(100/lenLift):100; 

     
    lenLower = lowerE - lowerS; 
    lowerX = 0:(100/lenLower):100; 
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    liftD = G{11}(liftS:liftE); 
    x = 0:(100/lenLift):100; 
    liftI = interp1(x,liftD,vq); 

  
    lumbarLift{j} = interp1(liftX,lumbar(liftS:liftE),vq); 
    lumbarLower{j} = interp1(lowerX,lumbar(lowerS:lowerE),vq); 
    l_kneeLift{j} = interp1(liftX,L.Knee(liftS:liftE),vq); 
    l_kneeLower{j} = interp1(lowerX,L.Knee(lowerS:lowerE),vq); 
    r_kneeLift{j} = interp1(liftX,R.Knee(liftS:liftE),vq); 
    r_kneeLower{j} = interp1(lowerX,R.Knee(lowerS:lowerE),vq); 

     
    meanVelocity = meanVelocity + liftI; 

     
    mean_lumbar_lift = mean_lumbar_lift + lumbarLift{j};  
    mean_lumbar_lower = mean_lumbar_lower + lumbarLower{j};  
    mean_rknee_lift = mean_rknee_lift + r_kneeLift{j};  
    mean_rknee_lower = mean_rknee_lower + r_kneeLower{j}; 
    mean_lknee_lift = mean_lknee_lift + l_kneeLift{j};  
    mean_lknee_lower = mean_lknee_lower + l_kneeLower{j}; 

    

     
    figure(60) 
    subplot(2,2,1) 
    LiftPhase1 = plot(vq,lumbarLift{j},'g'); 
    hold on 
    LowerPhase1 = plot(vq,fliplr(lumbarLower{j}),'r'); 
    legend({'Lifting Phase','Lowering Phase- 

Flipped'},'Location','southeast') 
    ylabel('Lumbar (deg^\circ)') 
    xlabel('Time (%100)') 
    subplot(2,2,2) 
    LiftPhase2 = plot(vq,l_kneeLift{j},'g'); 
    hold on 
    LowerPhase2 = plot(vq,fliplr(l_kneeLower{j}),'r'); 
    legend({'Lifting Phase','Lowering Phase- 

Flipped'},'Location','southeast') 
    ylabel('Left Knee (deg^\circ)') 
    xlabel('Time (%100)') 
    subplot(2,2,3) 
    LiftPhase3 = plot(vq,r_kneeLift{j},'g'); 
    hold on 
    LowerPhase3 = plot(vq,fliplr(r_kneeLower{j}),'r'); 
    legend({'Lifting Phase','Lowering Phase- 

Flipped'},'Location','southeast') 
    ylabel('Right Knee (deg^\circ)') 
    xlabel('Time (%100)') 
end           

     
    mean_lumbar_lift = mean_lumbar_lift/i;  
    mean_lumbar_lower = mean_lumbar_lower/i;  

     
    mean_rknee_lift = mean_rknee_lift/i;  
    mean_rknee_lower = mean_rknee_lower/i; 

     



87 

 

    mean_lknee_lift = mean_lknee_lift/i;  
    mean_lknee_lower = mean_lknee_lower/i; 

     
    figure(61) 
    subplot(2,2,1) 
    LiftPhase1 = plot(vq,mean_lumbar_lift,'g'); 
    hold on 
    LowerPhase1 = plot(vq,fliplr(mean_lumbar_lower),'r'); 
    legend({'Lifting Phase','Lowering Phase- 

Flipped'},'Location','southeast') 
    ylabel('Lumbar (deg^\circ)') 
    xlabel('Time (%100)') 
    subplot(2,2,2) 
    LiftPhase2 = plot(vq,mean_lknee_lift,'g'); 
    hold on 
    LowerPhase2 = plot(vq,fliplr(mean_lknee_lower),'r'); 
    legend({'Lifting Phase','Lowering Phase- 

Flipped'},'Location','southeast') 
    ylabel('Left Knee (deg^\circ)') 
    xlabel('Time (%100)') 
    subplot(2,2,3) 
    LiftPhase3 = plot(vq, mean_rknee_lift,'g'); 
    hold on 
    LowerPhase3 = plot(vq,fliplr( mean_rknee_lower),'r'); 
    legend({'Lifting Phase','Lowering Phase- 

Flipped'},'Location','southeast') 
    ylabel('Right Knee (deg^\circ)') 
    xlabel('Time (%100)') 
%% Map each lift to a length of 0 - 100% 

  
vq = 0:0.1:100; 
meanVelocity = zeros(size(vq)); 

  
mean_lumbar = zeros(size(vq));  
mean_rknee = zeros(size(vq));  
mean_lknee = zeros(size(vq));  
% Get the average of lifts expressed as 0 - 100% 
for i = 1:length(TransitionNeg{11}) 

     

     
    liftS = TransitionPos{11}(i); 
    liftE = TransitionNeg{11}(i); 
    liftD = G{11}(liftS:liftE); 
    lenLift = liftE - liftS; 

     
    x = 0:(100/lenLift):100; 
    liftI = interp1(x,liftD,vq); 

     
    % Interpolate joint angle measurements 
    lumbarI{i} = interp1(x,lumbar(liftS:liftE),vq); 
    l_kneeI{i} = interp1(x,L.Knee(liftS:liftE),vq); 
    r_kneeI{i} = interp1(x,R.Knee(liftS:liftE),vq); 

     
    meanVelocity = meanVelocity + liftI; 
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    mean_lumbar = mean_lumbar + lumbarI{i}; 
    mean_rknee = mean_rknee + r_kneeI{i}; 
    mean_lknee = mean_lknee + l_kneeI{i}; 

     
    figure(5) 
    subplot(2,2,1) 
    FullCycle1 = plot(vq,lumbarI{i}); 
    ylabel('Lumbar (deg^\circ)') 
    xlabel('Time (%100)') 
    legend({'Full Cycle'}, 'Location','southeast') 
    axis square 
    xlim([0 100]) 
    hold on 
    subplot(2,2,2) 
    FullCycle2 = plot(vq,l_kneeI{i}); 
    ylabel('Left Knee (deg^\circ)') 
    xlabel('Time (%100)') 
    legend({'Full Cycle'}, 'Location','southeast') 
    axis square 
    xlim([0 100]) 
    hold on  
    subplot(2,2,3) 
    FullCycle3 = plot(vq,r_kneeI{i}); 
    ylabel('Right Knee (deg^\circ)') 
    xlabel('Time (%100)') 
    legend({'Full Cycle'}, 'Location','southeast') 
    axis square 
    xlim([0 100]) 
    hold on  
    set(gcf,'Position',[600 0 1000 1500])  
end 

  
mean_lumbar = mean_lumbar/i; 
mean_rknee = mean_rknee/i; 
mean_lknee = mean_lknee/i; 
figure(6) 
    subplot(2,2,1) 
    FullCycle1 = plot(vq,mean_lumbar); 
    ylabel('Lumbar (deg^\circ)') 
    xlabel('Time (%100)') 
    legend({'Full Cycle'}, 'Location','southeast') 
    axis square 
    xlim([0 100]) 
    hold on 
    subplot(2,2,2) 
    FullCycle2 = plot(vq,mean_lknee); 
    ylabel('Left Knee (deg^\circ)') 
    xlabel('Time (%100)') 
    legend({'Full Cycle'}, 'Location','southeast') 
    axis square 
    xlim([0 100]) 
    hold on  
    subplot(2,2,3) 
    FullCycle3 = plot(vq,mean_rknee); 
    ylabel('Right Knee (deg^\circ)') 
    xlabel('Time (%100)') 
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    legend({'Full Cycle'}, 'Location','southeast') 
    axis square 
    xlim([0 100]) 
    hold on  
    set(gcf,'Position',[600 0 1000 1500]) 
% Only need to divide once to calculate the average! 
% meanVelocity = meanVelocity/i; 
%% 
meanVelocity = meanVelocity/i; 

  
% Get the start and end points of lift 
[~,midx] = max(meanVelocity); 
zidx = find(diff(meanVelocity >= 0)); 
[~,sidx] = min(abs(zidx-midx)); 

  
[~,midx] = min(meanVelocity); 
% [~,fidx] = min(abs(zidx-midx)); 
[~,fidx] = min(abs(zidx(zidx<midx)-midx)); 

  
figure(12) 
Cycle = plot(vq(1:1001), meanVelocity,'k'); 
xlabel('Time(%)') 
ylabel('Box Velocity (mm/s)') 

  
hold on 
% Lift phase 
scatter(vq(1),meanVelocity(1),'Filled','b') 
scatter(vq(zidx(sidx)),meanVelocity(zidx(sidx)),'Filled','b') 
LiftPhase = 

plot(vq(1:zidx(sidx)),meanVelocity(1:zidx(sidx)),'b','LineWidth',1); 
hold on 

  
% Lower phase 
scatter(vq(zidx(fidx)),meanVelocity(zidx(fidx)),'Filled','r') 
scatter(vq(end),meanVelocity(end),'Filled','r') 
LowerPhase = 

plot(vq(zidx(fidx):end),meanVelocity(zidx(fidx):end),'r','LineWidth',1); 

  
legend([Cycle,LiftPhase,LowerPhase],'Step Phase','Lifting Phase','Lowering 

Phase') 
%sgtitle('Box Velocity VS. Time') 
title('Mean Box Velocity') 
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APPENDIX C 

 

C.  MATLAB Code Used to Calculate the Average Joint Angle Kinematics for All 

Participants 

 
% averageLifts.m 

  
% This script loops over the files in a directory and calculates the 
% average and standard deviation of the meausred joint angles during the 
% first 30% and final 30% of a lifting experiment. The resulting average 
% and standard deviations are stored in .mat files for subsequent plotting. 

  
clear,clc 

  

  
% Path to the data 
 %boxPath = ''; 

  
motFiles = dir(fullfile(boxPath,'*.mot')); 
trcFiles = dir(fullfile(boxPath,'*.trc')); 

  

  
% Loop over files and read each one in 
for i = 1:length(motFiles) 
    boxData{i} = dlmread(fullfile(boxPath,trcFiles(i).name),'',6,0); 
    bodData{i} = dlmread(fullfile(boxPath,motFiles(i).name),'',11,0); 
    motTime{i} = bodData{i}(:,1); 

     
    lumbar{i} = bodData{i}(:,22); 
    l_knee{i} = bodData{i}(:,18); 
    r_knee{i} = bodData{i}(:,11); 

     
    % Differentiate position to get velocity 
    vel{i} = diff(boxData{i}); 

     
    % Construct filter and filter data 
    [b,a] = butter(1,2/25); 
    fvel{i} = filtfilt(b,a,boxData{i}); 

  
    % Get mean of filtered and unfiltered data 
    G = cell(11,1); 
    for j = 1:10 
        G{j} = diff(fvel{i}(:,2+3*j)); 
    end 
    G{11} = mean([G{1} G{2} G{3} G{4} G{5} G{6} G{7} G{8} G{9} G{10}],2); 
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    z = cell(11,1); 
    for j = 1:10 
        z{j} = boxData{i}(:,2+(j*3)); 
    end 
    z{11} = mean([z{1} z{2} z{3} z{4} z{5} z{6} z{7} z{8} z{9} z{10}],2); 

     
%-------------------------------------------------------------------------- 
% Get start and end coordinates of lift 
%-------------------------------------------------------------------------- 

     
    % Initialize cells 
    TransitionPos = cell(11,1); 
    TransitionNeg = cell(11,1); 

  
    % Loop over data 
    for Marker = 1:11 
        %resetting the index to trans pos 
        ii = 1; 
        iii= 1; 
        TransitionPos{Marker}(1) = 0; 
        TransitionNeg{Marker}(1) = 0; 

  
        %check each frame in the data %removing the last 12 cus we can't 

check 
        %the time after data collection 
        for frame = 13:(size(G{Marker},1)-13) 
            %if the current frame is within 0.2 of 0 and below 300 mm, and 

the next 12 frames are 
            %above 0.2, then we detect a lift.   
            if (abs(G{Marker}(frame))<0.3) && ... 
               (all(G{Marker}(frame+1:frame+12)>0.3)) && ... 
               (z{Marker}(frame)<300)  
                %store the current frame as a pos trans  
                TransitionPos{Marker}(ii) = frame; 
                ii = ii + 1; 
            end 
           %if the current frame is within 0.2 of 0 and below 300 mm, and the 

next 12 frames are 
            %above 0.2, then we detect a lift.  
            if (abs(G{Marker}(frame))<0.3) && ... 
               (all(G{Marker}(frame+1:frame+3)<0.3)) && ... 
               (z{Marker}(frame)<300) && ... 
               (frame> TransitionNeg{Marker}(max(iii-1,1))+100) && ... 
               (frame>100) 
                % store the current frame as a neg trans (only if it ends a 
                % cycle) 
                if ii == iii + 1 
                    TransitionNeg{Marker}(iii) = frame; 
                    iii = iii + 1; 
                end 
            end 
        end  
    end 

     
%-------------------------------------------------------------------------- 
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% Get end coordinates of a lift/start coordinates of a lower 
%-------------------------------------------------------------------------- 

  
    % Get the limiting length 
    negLen = length(TransitionNeg{11}); 
    posLen = length(TransitionPos{11}); 

     
    maxLen=1; 
    if negLen ~= posLen 
        if negLen > posLen 
            maxLen = posLen; 
        else 
            maxLen = negLen; 
        end 
    end 

     
    liftEnd = zeros(posLen,1); 
    lowerBegin = zeros(negLen,1); 

     
    for j = 1:length(liftEnd) 
        if j > length(lowerBegin) 
            segment = G{11}(TransitionPos{11}(j):end); 
        else 
            segment = G{11}(TransitionPos{11}(j):TransitionNeg{11}(j)); 
        end 

     
        % Get all zero crossings 
        zidx = find(diff(segment >= 0)); 

     
        % Get the end point of a lift 
        [~,midx] = max(segment); 
        [~,eidx] = min(abs(zidx(zidx>midx)-midx)); 

        

         
        liftEnd(j) = TransitionPos{11}(j) + zidx(eidx); 
    end 

  
    for j = 1:length(lowerBegin) 
        segment = G{11}(TransitionPos{11}(j):TransitionNeg{11}(j)); 

         
        % Get all zero crossings 
        zidx = find(diff(segment >= 0)); 

         
        % Get the beginning point of a lower 
        [~,midx] = min(segment); 
        [~,bidx] = min(abs(zidx(zidx<midx)-midx)); 

         

         
        lowerBegin(j) = TransitionPos{11}(j) + zidx(bidx); 
    end 
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%-------------------------------------------------------------------------- 
% Interpolate lifts from 0 to 100%, calculate mean and stdev, and save 
%-------------------------------------------------------------------------- 

     
    % Grid to interpolate onto (0 - 100%) 
    vq = 0:0.1:100; 

     
    % Initialize cells 
    lumbarI = cell(1,1); 
    l_kneeI = cell(1,1); 
    r_kneeI = cell(1,1); 

     
    % Interpolate lift data  
    for j = 1:maxLen 

         
        liftS = TransitionPos{11}(j); 
        liftE = TransitionNeg{11}(j); 

         
        lenLift = liftE - liftS; 
        x = 0:(100/lenLift):100; 

         
        lumbarI{j} = interp1(x,lumbar{i}(liftS:liftE),vq); 
        l_kneeI{j} = interp1(x,l_knee{i}(liftS:liftE),vq); 
        r_kneeI{j} = interp1(x,r_knee{i}(liftS:liftE),vq); 

        
    end 

     
    % Interpolate lift/lower data (new method) 
    for j = 1:length(liftEnd) 
            liftS = TransitionPos{11}(j); 
            liftE = liftEnd(j); 

             
            lenLift = liftE - liftS; 
            liftX = 0:(100/lenLift):100; 

  
            lumbarLift{j} = interp1(liftX,lumbar{i}(liftS:liftE),vq); 
            l_kneeLift{j} = interp1(liftX,l_knee{i}(liftS:liftE),vq); 
            r_kneeLift{j} = interp1(liftX,r_knee{i}(liftS:liftE),vq);      

  
    end 

     
    for j = 1:length(lowerBegin) 
            lowerS = lowerBegin(j); 
            lowerE = TransitionNeg{11}(j); 

             
            lenLower = lowerE - lowerS; 
            lowerX = 0:(100/lenLower):100; 

             
            lumbarLower{j} = interp1(lowerX,lumbar{i}(lowerS:lowerE),vq); 
            l_kneeLower{j} = interp1(lowerX,l_knee{i}(lowerS:lowerE),vq); 
            r_kneeLower{j} = interp1(lowerX,r_knee{i}(lowerS:lowerE),vq); 
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    end  

    
    for j = 1:length(lumbarI) 
        % Lumbar angles 

        
        lumbar_lift(j,:) = lumbarLift{j}; 
        lumbar_lower(j,:) = fliplr(lumbarLower{j}); 

         
        % Left Knee angles 
        l_knee_lift(j,:) = l_kneeLift{j}; 
        l_knee_lower(j,:) = fliplr(l_kneeLower{j}); 
        % Right Knee angles 

  
        r_knee_lift(j,:) = r_kneeLift{j}; 
        r_knee_lower(j,:) = fliplr(r_kneeLower{j}); 
    end 

      
    % Get standard deviations 

     
    lumbar_lift_err = std(lumbar_lift,1); 
    lumbar_lower_err = std(lumbar_lower,1); 

     
    l_knee_lift_err = std(l_knee_lift,1); 
    l_knee_lower_err = std(l_knee_lower,1); 

     
    r_knee_lift_err = std(r_knee_lift,1); 
    r_knee_lower_err = std(r_knee_lower,1); 

     
    % Get averages 

     
    lumbar_lift_avg = mean(lumbar_lift,1); 
    lumbar_lower_avg = mean(lumbar_lower,1);     

    
    l_knee_lift_avg = mean(l_knee_lift,1); 
    l_knee_lower_avg = mean(l_knee_lower,1);     

    
    r_knee_lift_avg = mean(r_knee_lift,1); 
    r_knee_lower_avg = mean(r_knee_lower,1); 

     
    % Construct structures to hold results 

  
     lumbar_lower = cell2mat(lumbarLower'); 
     lumbar_lift = cell2mat(lumbarLift'); 

     
    Lumbar.Lift.Avg = lumbar_lift_avg; 
    Lumbar.Lift.Err = lumbar_lift_err; 
    Lumbar.Lower.Avg = lumbar_lower_avg; 
    Lumbar.Lower.Err = lumbar_lower_err; 
    Lumbar.Lift.Raw = lumbar_lift; 
    Lumbar.Lower.Raw = lumbar_lower;   

    
    Lumbar.Lower.AllMin = min(lumbar_lower,[],2); 
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    Lumbar.Lower.AllMax = max(lumbar_lower,[],2); 
    Lumbar.Lift.AllMin = min(lumbar_lift,[],2); 
    Lumbar.Lift.AllMax = max(lumbar_lift,[],2); 

     
    l_knee_lower = cell2mat(l_kneeLower'); 
    l_knee_lift = cell2mat(l_kneeLift'); 

     
    L_Knee.Lift.Avg = l_knee_lift_avg; 
    L_Knee.Lift.Err = l_knee_lift_err; 
    L_Knee.Lower.Avg = l_knee_lower_avg; 
    L_Knee.Lower.Err = l_knee_lower_err; 
    L_Knee.Lift.Raw = l_knee_lift; 
    L_Knee.Lower.Raw = l_knee_lower; 
    L_Knee.Lower.AllMin = min(l_knee_lower,[],2); 
    L_Knee.Lift.AllMin = min(l_knee_lift,[],2); 
    L_Knee.Lower.AllMax = max(l_knee_lower,[],2); 
    L_Knee.Lift.AllMax = max(l_knee_lift,[],2); 

     
    r_knee_lower = cell2mat(r_kneeLower'); 
    r_knee_lift = cell2mat(r_kneeLift');     

     
    R_Knee.Lift.Avg = r_knee_lift_avg; 
    R_Knee.Lift.Err = r_knee_lift_err; 
    R_Knee.Lower.Avg = r_knee_lower_avg; 
    R_Knee.Lower.Err = r_knee_lower_err; 
    R_Knee.Lift.Raw = r_knee_lift; 
    R_Knee.Lower.Raw = r_knee_lower; 
    R_Knee.Lower.AllMin = min(r_knee_lower,[],2); 
    R_Knee.Lift.AllMin = min(r_knee_lift,[],2); 
    R_Knee.Lower.AllMax = max(r_knee_lower',[],2); 
    R_Knee.Lift.AllMax = max(r_knee_lift',[],2); 

  
    % Save the results 
    fID = strtok(trcFiles(i).name,'-'); 
    fName = sprintf('%s-Averages.mat',fID); 
    save(fName,'Lumbar','L_Knee','R_Knee'); 

     
end 
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APPENDIX D 

 

D.  MATLAB Code Used to Collect the Desired Results from All Participants.  

 
% plotAverageLifts_v2.m 

  
% This script makes plots of the average and standard deviation of joint 
% angle measurements for a series of lift experiments. It relies on the 
% data from the script 'averageLifts.m' to plot. 

  
clear,clc 

  
% Path to the data 
% boxPath = ''; 
matFiles = dir(fullfile(boxPath,'*.mat')); 

  
trial = cell(size(matFiles)); 
Table = cell(size(matFiles)); 

  
% Read in the data 
for i = 1:length(matFiles) 
    trial{i}.ID = strtok(matFiles(i).name,'-'); 
    load(fullfile(boxPath,matFiles(i).name)); 
    trial{i}.Lumbar = Lumbar; 
    trial{i}.Lumbar.Lift.Min = min(trial{i}.Lumbar.Lift.Avg); 
    trial{i}.Lumbar.Lower.Min = min(trial{i}.Lumbar.Lower.Avg); 
    trial{i}.Lumbar.Lift.Max = max(trial{i}.Lumbar.Lift.Avg); 
    trial{i}.Lumbar.Lower.Max = max(trial{i}.Lumbar.Lower.Avg); 

        
    trial{i}.R_Knee = R_Knee; 
    trial{i}.R_Knee.Lift.Min = min(trial{i}.R_Knee.Lift.Avg); 
    trial{i}.R_Knee.Lower.Min = min(trial{i}.R_Knee.Lower.Avg); 
    trial{i}.R_Knee.Lift.Max = max(trial{i}.R_Knee.Lift.Avg); 
    trial{i}.R_Knee.Lower.Max = max(trial{i}.R_Knee.Lower.Avg); 

     
    trial{i}.L_Knee = L_Knee; 
    trial{i}.L_Knee.Lift.Min = min(trial{i}.L_Knee.Lift.Avg); 
    trial{i}.L_Knee.Lower.Min = min(trial{i}.L_Knee.Lower.Avg); 
    trial{i}.L_Knee.Lift.Max = max(trial{i}.L_Knee.Lift.Avg); 
    trial{i}.L_Knee.Lower.Max = max(trial{i}.L_Knee.Lower.Avg); 

    
    LumbarLift = trial{i}.Lumbar.Lift.AllMin; 
    LumbarLower= trial{i}.Lumbar.Lower.AllMin;  
    R_KneeLift= trial{i}.R_Knee.Lift.AllMin;  
    R_KneeLower= trial{i}.R_Knee.Lower.AllMin; 
    L_KneeLift= trial{i}.L_Knee.Lift.AllMin;  
    L_KneeLower= trial{i}.L_Knee.Lower.AllMin;  

     
end 
   for i = 1:length(matFiles) 
    Table{i}.ID = strtok(matFiles(i).name,'-'); 
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    load(fullfile(boxPath,matFiles(i).name));    
    Table{i}.LumbarLift = trial{i}.Lumbar.Lift.AllMin; 
    Table{i}.LumbarLower= trial{i}.Lumbar.Lower.AllMin;  
    Table{i}.R_KneeLift= trial{i}.R_Knee.Lift.AllMin;  
    Table{i}.R_KneeLower= trial{i}.R_Knee.Lower.AllMin; 
    Table{i}.L_KneeLift= trial{i}.L_Knee.Lift.AllMin;  
    Table{i}.L_KneeLower= trial{i}.L_Knee.Lower.AllMin;  

     
   end 
     results = cell2mat(Table); 
    trial{i}.Lumbar.Lift.AllMin; 
    trial{i}.Lumbar.Lower.AllMin;  
    trial{i}.R_Knee.Lift.AllMin;  
    trial{i}.R_Knee.Lower.AllMin; 
    trial{i}.L_Knee.Lift.AllMin;  
    trial{i}.L_Knee.Lower.AllMin;  

  

     
    clear Lumbar L_Knee R_Knee 
% x-axis vector 
x = 0:0.1:100; 

  
% Initialize variables 
lumLift = zeros(size(x)); 
lumlift_err = zeros(size(x)); 
lumLower = zeros(size(x)); 
lumlower_err = zeros(size(x)); 
rkneeLift = zeros(size(x)); 
rkneelift_err = zeros(size(x)); 
rkneeLower = zeros(size(x)); 
rkneelower_err = zeros(size(x)); 
lkneeLift = zeros(size(x)); 
lkneelift_err = zeros(size(x)); 
lkneeLower = zeros(size(x)); 
lkneelower_err = zeros(size(x)); 

  
% Average all trials 
for i = 1:length(trial) 
    lumLift = lumLift + trial{i}.Lumbar.Lift.Avg; 
    lumlift_err = lumlift_err + trial{i}.Lumbar.Lift.Err; 

     
    lumLower = lumLower + trial{i}.Lumbar.Lower.Avg; 
    lumlower_err = lumlower_err + trial{i}.Lumbar.Lower.Err; 

     
    rkneeLift = rkneeLift + trial{i}.R_Knee.Lift.Avg; 
    rkneelift_err = rkneelift_err + trial{i}.R_Knee.Lift.Err; 

     
    rkneeLower = rkneeLower + trial{i}.R_Knee.Lower.Avg; 
    rkneelower_err = rkneelower_err + trial{i}.R_Knee.Lower.Err; 

     
    lkneeLift = lkneeLift + trial{i}.L_Knee.Lift.Avg; 
    lkneelift_err = lkneelift_err + trial{i}.L_Knee.Lift.Err; 

  
    lkneeLower = lkneeLower + trial{i}.L_Knee.Lower.Avg; 
    lkneelower_err = lkneelower_err + trial{i}.L_Knee.Lower.Err; 
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end 

  

  

  
lumLift = lumLift/length(trial); 
lumlift_err = lumlift_err/length(trial); 

  
lumLower = lumLower/length(trial); 
lumlower_err = lumlower_err/length(trial); 

  
rkneeLift = rkneeLift/length(trial); 
rkneelift_err = rkneelift_err/length(trial); 

  
rkneeLower = rkneeLower/length(trial); 
rkneelower_err = rkneelower_err/length(trial); 

  
lkneeLift = lkneeLift/length(trial); 
lkneelift_err = lkneelift_err/length(trial); 

  
lkneeLower = lkneeLower/length(trial); 
lkneelower_err = lkneelower_err/length(trial); 

  
% Save the 'results' structure to an excel file 'Results.xlsx' 
xlfile = sprintf('Results.xlsx'); 
for i = 1:length(results) 

     
    % Construct the table of data to save 
    T1 = table(round(results(i).LumbarLift,2)); 
    T1.Properties.VariableNames = {'LumbarLift'}; 
    T2 = table(round(results(i).LumbarLower,2)); 
    T2.Properties.VariableNames = {'LumbarLower'}; 
    T3 = table(round(results(i).R_KneeLift,2)); 
    T3.Properties.VariableNames = {'RKneeLift'}; 
    T4 = table(round(results(i).R_KneeLower,2)); 
    T4.Properties.VariableNames = {'RKneeLower'}; 
    T5 = table(round(results(i).L_KneeLift,2)); 
    T5.Properties.VariableNames = {'LKneeLift'}; 
    T6 = table(round(results(i).L_KneeLower,2)); 
    T6.Properties.VariableNames = {'LKneeLower'}; 

  
    % Save the table to an excel file 
    writetable(T1,xlfile,'Sheet',results(i).ID,'Range','A2'); 
    writetable(T2,xlfile,'Sheet',results(i).ID,'Range','B2'); 
    writetable(T3,xlfile,'Sheet',results(i).ID,'Range','C2'); 
    writetable(T4,xlfile,'Sheet',results(i).ID,'Range','D2'); 
    writetable(T5,xlfile,'Sheet',results(i).ID,'Range','E2'); 
    writetable(T6,xlfile,'Sheet',results(i).ID,'Range','F2'); 
end 

  
%% Plot the lift/lower data (no errorbars) 
%Lumbar average 

  
x = 0:0.1:100; 
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figure(12) 
plot(x,lumLift) 
hold on 
plot(x,lumLower,'--') 
ylabel('Lumbar Joint Angle') 
xlabel('Time (%)') 
%% 
figure(1) 

  
    for i = 1:length(lumlift_err) 
        if mod(i,200) == 0  
                lumlower_err(i) = NaN;  
        elseif mod(i + 100,200) == 0 
                lumlift_err(i) = NaN; 
        else  
            lumlift_err(i) = NaN;  
            lumlower_err(i) = NaN;  
        end 
    end 

     
      errorbar(x,lumLift,lumlift_err,'k') 
    hold on 
      errorbar(x,lumLower,lumlower_err,'k--') 
    axis square 
    legend({'Lifting Phase','Lowering Phase- 

Flipped'},'Location','southeast') 
        title('Means of Mean Lumbar Lifts and Lowers') 

  

  
%% Right knee average  
figure(2) 
% Re-sample error bars 
    for i = 1:length(rkneelift_err) 
        if mod(i,200) == 0  
                rkneelower_err(i) = NaN;  
        elseif mod(i + 100,200) == 0 
                rkneelift_err(i) = NaN; 
        else  
            rkneelift_err(i) = NaN;  
            rkneelower_err(i) = NaN;  
        end 
    end 

     
      errorbar(x,rkneeLift,rkneelift_err,'k') 
    hold on 
      errorbar(x,rkneeLower,rkneelower_err,'k--') 
    axis square 
       legend({'Lifting Phase','Lowering Phase- 

Flipped'},'Location','southeast') 
        title('Means of Mean Right Knee Lifts and Lowers') 

  

  
%% Left Knee average 
figure(3) 
% Re-sample error bars 
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    for i = 1:length(lkneelift_err) 
        if mod(i,200) == 0  
                lkneelower_err(i) = NaN;  
        elseif mod(i + 100,200) == 0 
                lkneelift_err(i) = NaN; 
        else  
            lkneelift_err(i) = NaN;  
            lkneelower_err(i) = NaN;  
        end 
    end 

     
   LiftingPhase = errorbar(x,lkneeLift,lkneelift_err,'k'); 
   hold on 
   LoweringPhase = errorbar(x,lkneeLower,lkneelower_err,'k--'); 
   axis square 
   legend({'Lifting Phase','Lowering Phase- Flipped'},'Location','southeast') 
   title('Means of Mean Left Knee Lifts and Lowers') 

  

  

  
%% get the mean of lifts for each trial 

  
for i = 1:length(trial) 
    figure(4) 
    subplot(8,5,i) 
    plot(x,trial{i}.Lumbar.Lift.Avg,'blue'); 
     hold on 
    plot(x,trial{i}.Lumbar.Lower.Avg,'r--'); 
    title(sprintf('Trial %s', trial{i}.ID)) 
    axis square 
    sgtitle('Mean Lumbar Lift and Lower phases of all trials') 
    Lgnd = legend('show','Lifting Phase','Lowering Phase- Flipped'); 
    Lgnd.Position(1) = 0.7; 
    Lgnd.Position(2) = 0.09; 
end 

  
for i = 1:length(trial) 
    figure(5) 
    subplot(8,5,i) 
    plot(x,trial{i}.R_Knee.Lift.Avg,'b'); 
     hold on 
    plot(x,trial{i}.R_Knee.Lower.Avg,'r--'); 
    title(sprintf('Trial %s', trial{i}.ID)) 
    axis square 
    sgtitle('Mean Right Knee Lift and Lower phases of all trials') 
    Lgnd = legend('show','Lifting Phase','Lowering Phase- Flipped'); 
    Lgnd.Position(1) = 0.7; 
    Lgnd.Position(2) = 0.09; 
end 

  
for i = 1:length(trial) 
    figure(6) 
    subplot(8,5,i) 
    plot(x,trial{i}.L_Knee.Lift.Avg,'b'); 
     hold on 



101 

 

    plot(x,trial{i}.L_Knee.Lower.Avg,'r--'); 
    title(sprintf('Trial %s', trial{i}.ID)) 
    axis square 
    sgtitle('Mean Left Knee Lift and Lower phases of all trials') 
    Lgnd = legend('show','Lifting Phase','Lowering Phase- Flipped'); 
    Lgnd.Position(1) = 0.7; 
    Lgnd.Position(2) = 0.09; 
end 

 


