
 

 
 

ABSTRACT 

PELEG, MAYA, R. Impact of Worksurface Orientation on Joint Angle and Muscle Activity 

During A Hammering Task. (Under the direction of Dr. Xu Xu) 

 

Musculoskeletal disorders (MSDs) are a prevalent and significant concern in today's 

workforce, comprising the largest category of workplace injuries. Among the causes of these 

injuries, overexertion, particularly associated with non-powered hand tools, accounts for a 

substantial portion of days away from work, representing 22% of all non-fatal injuries. 

Hammers, being an indispensable tool in industries like construction and carpentry, pose a 

significant risk for MSDs due to the repetitive and strenuous nature of hammering tasks. 

Moreover, the use of hammers involves variable postures as a result of the ever-changing 

worksurface orientations. Understanding the impact of these factors is crucial for addressing and 

mitigating the risk of MSDs in workers who regularly use hammers in diverse work 

environments. 

Numerous studies have examined various aspects of hammering, such as the effects of 

hammer properties, work orientation, and location, on muscle fatigue, as well as the 

biomechanics and kinematics of hammering tasks. However, there is a lack of research 

specifically focusing on hammering worksurface orientations that account for the diverse 

occupational environments. Considering this gap, the present study aimed to assess a hammering 

task performed at six different worksurface locations. Electromyography and inertial 

measurement units were employed to comprehensively investigate the biomechanical and 

muscular impact of these hammering worksurface orientations on the human body. By 

addressing this research gap, the study provides valuable insights into the specific challenges 

posed by varying worksurface orientations during hammering tasks in occupational settings. 



 

 
 

A laboratory study was conducted with seventeen right-handed participants to investigate 

the effects of six different worksurface orientations on hammering performance. Each participant 

experienced all six conditions: High Neutral, High Adduction, Medium Neutral, Medium 

Adduction, Low Neutral, and Low Adduction. The study focused on evaluating 12 muscles and 

11 joints. Joint angles were measured in terms of mean abduction/adduction, mean axial rotation, 

and mean flexion/extension. Muscle activity was assessed by calculating and analyzing the 

percentage of maximum voluntary contraction (% MVC). 

The study hypothesized two main points: (1) hammering posture and worksurface 

orientation would impact joint angles during the hammering task, and (2) hammering posture and 

worksurface orientation would affect muscle activity during the hammering task. The findings 

revealed that worksurface orientation played a significant role in influencing both joint angles 

and muscle activity. Specifically, worksurface orientation had a statistically significant effect 

(p<.05) on all 11 joint angles and 11 out of the 12 evaluated muscles. 

The results indicated that worksurface orientation significantly influenced joint angles. In 

terms of abduction/adduction, the Low Neutral orientation resulted in higher values. For axial 

rotation, the influence varied, but, on average, the adduction category exhibited higher mean 

axial rotation joint angles. Regarding flexion/extension, the results were also variable, but, on 

average, the low orientations had higher flexion/extension joint angles. 

 Findings indicate that worksurface orientation plays a large role in body mechanics and 

should be taken into consideration when working. From this experiment it was found that the 

Low worksurface orientations had the largest impact on increasing the mean % MVC as well as 

joint angles. This implies that individuals working on a worksurface set at a lower height 

experienced greater muscular exertion and joint movement compared to other orientations. These 



 

 
 

findings underscore the importance of ergonomics and the impact of worksurface design on 

human performance and well-being. By understanding how worksurface orientation influences 

body mechanics, employers and workers can make informed decisions about workstation setup 

to optimize productivity while minimizing the risk of musculoskeletal disorders. 
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1. INTRODUCTION 

1.1 Motivation 

Hammering has been an essential tool in human civilization since the dawn of history. 

From the Stone Age to the present day, hammers have played a vital role in shaping the world as 

we know it. Throughout the ages, they have been used for a multitude of purposes, from crafting 

stone tools to erecting great monuments and buildings. Despite the rapid advancement of 

technology, hammers continue to be an indispensable tool in our daily lives. They are used in 

various industries, such as construction, manufacturing, and even in the arts. In the household, 

hammers are a common sight, used for tasks such as hanging pictures, assembling furniture, or 

repairing appliances. However, the use of hammers also comes with a significant risk, 

particularly for workers who utilize them on a day-to-day basis. The repetitive and strenuous 

nature of hammering can lead to musculoskeletal disorders (MSDs), which affect the muscles, 

tendons, and joints. MSDs can cause severe pain, discomfort, and reduced mobility, which can 

lead to long-term health problems. 

MSDs can be sourced back to three potential causes: posture, force level, and the 

repetition of the posture and forces (Kumar, 1994) Hammering tasks leads to variable postures in 

a repetitive, multi-joint movement which has a large possibility for both fatigue and overexertion 

injuries to transpire (Joseph E. et al., 2020). 

Overexertion is a physical activity that can lead to muscular tension and injuries due to 

the utilization of more energy from skeletal muscles than normal use (Marfia & Roccetti, 2016). 

In the workplace, non-powered hand tools are known to cause a significant number of injuries 
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related to overexertion. Aghazadeh's 1987 questionnaire-based study found that "struck by or 

struck against" and "overexertion" injuries were the leading cause of occupational 

manual/powered hand-tool related injuries. This underscores the importance of addressing 

overexertion injuries in occupational health and safety (Aghazadeh & Mital, 1987). 

In recent years, overexertion has continued to be a significant cause of workplace 

injuries. The Bureau of Labor Statistics reported that overexertion was the second leading cause 

for days away from work in 2020 compared to other events/exposures, representing 22% of all 

non-fatal injuries. This statistic highlights the magnitude of the problem and underscores the 

need for sustained and continuous efforts to mitigate overexertion injuries in the workplace 

(Bureau of Labor Statistics, 2020) 

After consulting a certified professional ergonomist and conducting a thorough video 

exploration of various tasks in the construction industry, it was discovered that certain non-

uniform postures are prevalent in this field. Activities such as bending, reaching, twisting, and 

kneeling, which are common in hammering tasks within the construction industry, are known to 

cause injury and illness, as reported by the National Safety Council (National Safety Council, 

2020). Unfortunately, there is a scarcity of research examining the associated muscle activity and 

joint angles of these postures. This is problematic as understanding these metrics is crucial in 

comprehending the risk of injury from these tasks and can enable the promotion of safe and 

effective work practices. It is imperative to minimize the risk of strain or injury to workers in not 

only the construction industry, but all industries. 

The human body, from an anthropological standpoint, is not meant to perform very 

repetitive tasks, and given that they do perform them, they are disposed to suffer from 
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cumulative trauma disorders (CTDs), which are conditions that can develop over time and affect 

the soft tissues in the body, leading to pain, weakness, numbness, or tingling sensations 

(Muggleton et al., 1999).  

While it is possible to analyze the repetitive nature and postures associated with 

hammering in isolation, it is crucial to examine them together, as they often occur concurrently 

in industrial settings. Thus, investigating these variables in conjunction with each other is 

essential for gaining a comprehensive understanding of the implications of these factors. 

Hammering tasks are known for their prevalence, repetitive nature, and potential for 

overexertion, which highlights the need for research aimed at identifying potential risks of 

musculoskeletal disorders and other occupational injuries associated with these postures. This 

study involves measuring both muscle activity and joint angles during various hammering tasks, 

which could provide valuable insights into the potential health risks posed by these activities. By 

doing so, it may be possible to promote safe and effective work practices and reduce the risk of 

strain or injury to workers. 

The domain of construction/carpentry work poses a significant risk for a variety of 

musculoskeletal injuries and disorders (MSDs). Notably, a survey conducted in 1987 reported 

that the usage of manual hand tools, specifically knives and hammers, accounted for 44.3% and 

10% of the total injuries incurred, respectively. Within the category of non-powered hand tools, 

the incidence of sprains and strains comprised 19% of the overall documented injuries 

(Aghazadeh & Mital, 1987). Besides, other prevalent types of MSDs in this line of work 

encompass low back pain, as well as knee and neck/shoulder injuries, with the axial skeleton and 

shoulder being among the most frequently injured (Choi et al., 2014). 
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1.2 Literature Review  

Numerous studies have been conducted to investigate hammering, examining various metrics, 

including the effects of the hammer properties, the work orientation and location, and 

biomechanics and kinematics of hammering tasks. 

One study examined the impact of hammer properties on the variance of upper extremity 

movement during a hammering task. The study identified that hammer types led to different 

principal movements, where long handle hammers resulted in a lower number of principal 

movements compared to short handle hammers. These findings suggest that hammer properties 

have a notable effect on movement during hammering tasks, with a slight difference observed 

between hammers of different properties (Langenderfer et al., 2020). 

Shock controlled hammers were another property of hammers that was investigated by 

Buchanan. It was determined that the grip force was similar for shock controlled hammers vs. 

non-shock controlled hammers. But it was found that shock controlled hammer had a 40% 

greater kinetic energy upon impact and as a result less edema was observed, suggesting that the 

shock absorbing properties can help reduce the stain in the proximal forearm extensor muscles 

(Buchanan et al., 2016). 

Balendra and Langenderfer studied how hammer mass affects upper extremity joint 

moments. They used a musculoskeletal model was used to calculate three-dimensional 

intersegmental moments. They found that the larger hammer caused significant increases in 

moments, especially during the cocking and strike/follow-through phases. Relative moment 

increases were larger for distal joints, indicating potential for elbow and wrist injuries. Greater 
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variability in timing with the larger hammer suggests differences in motion control (Balendra & 

Langenderfer, 2017). 

Fatigue was one of the metrics that was observed in various studies. It was determined 

that fatigue led to a decrease in maximal grip strength and elbow range of motion, and an 

increase in the EMG amplitude of the contralateral external oblique muscle. On the other hand, 

fatigue did not affect the shoulder and wrist kinematics. It was found that the interjoint and 

intermuscular coordination adapts in order to compensate for the effect of fatigue in order to 

maintain key global movements (Côté et al., 2008). 

In a related study, researchers aimed to investigate whether there were any differences in 

the kinematic patterns of repetitive hammering tasks between healthy individuals, those with 

shoulder injuries, and those experiencing fatigue. The study revealed that the prevalence of 

fatigue had a significant impact on the motion of the elbow but did not affect the motion of the 

wrist. Interestingly, shoulder kinematics remained unaffected by both fatigue and shoulder 

injury, indicating that there may be compensatory mechanisms at play to maintain optimal 

shoulder movement patterns despite fatigue or injury. These findings provide important insights 

into how the human body adapts to different physical stressors during hammering tasks (Côté et 

al., 2005). 

Shoenmarkling and Marras conducted a study to examine the impact of handle angle and 

work orientation on muscle fatigue and subjective ratings of body discomfort during hammering. 

The results revealed that hammer angle did not have a significant effect on forearm muscle 

fatigue. However, forearm muscle fatigue was significantly higher when hammering was 

performed with a wall orientation as opposed to a bench orientation. Additionally, subjective 
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discomfort ratings increased in multiple areas for the wall orientation. These findings suggest 

that work surface orientation plays a critical role in muscle fatigue and discomfort during 

hammering (Schoenmarklin & Marras, 1989 Part B). 

 In a companion study, Schoenmarklin and Marras looked at how the angle of the 

hammer handle and the orientation of the work surface affect hammering performance and wrist 

motion. Their findings revealed that novice users benefited from using hammers with handles 

bent at an angle of 20-40 degrees as it reduced the risk of wrist problems. However, the use of 

angled hammers resulted in a compromise between the initial and final wrist positions, leading to 

increased radial deviation during the starting position. The study also indicated that hammer 

angle did not have a significant impact on performance, while hammering orientation did affect 

performance significantly. Nonetheless, hammering orientation did not cause a significant effect 

on wrist motion (Schoenmarklin & Marras, 1989 Part A). 

Looking at work location, Chen investigated the optimal height to perform hammering 

tasks. The results showed that as the working height increased, there was a linear increase in 

shoulder abduction, but a decrease in trunk flexion. However, ulnar deviation and trunk lateral 

bending did not show any significant changes with increased working height. Hammering forces 

mainly resulted in trunk flexion and lateral bending, but there were no differences in posture at 

the upper extremities. Based on these findings, a reasonable effective working height range of 25 

cm to 35 cm, with a mean of 30 cm, was recommended for hammering job design, taking into 

consideration the trade-off between acceptable trunk flexion and shoulder abduction (Chen & 

Chen, 2018). 



 

7 

 

Mattila evaluated various working postures in different hammering tasks at building 

construction sites utilizing a computerized OWAS (Ovako Working Posture Analysis System). It 

was determined that the most frequent poor working postures occurred in roof jousting, concrete 

form preparation and then the construction of frames for the roof. 7.8% of the analyzed postures 

were classified as OWAS category III or IV, indicating that they should be corrected 

soon/immediately (Mattila et al., 1993). 

Although previous studies have examined the impact of hammer properties, fatigue, joint 

moments and movements, and work orientation, none have explored both muscle activity and 

joint movements in relation to work orientation simultaneously. Furthermore, none of the 

previous studies have investigated all the postures and work orientations that will be discussed in 

this article. 

1.3 Electromyography  

Electromyography (EMG) is a highly effective and frequently employed tool in 

biomechanics research for assessing the activity of muscles. EMG is a technique that is used to 

measure the electrical activity produced by muscles during contraction. This information can be 

used to evaluate a range of aspects of muscle function, including muscle activation, coordination, 

and fatigue, as well as nerve function.  

Non-invasive EMG techniques, such as surface EMG, are commonly utilized in industrial 

settings for examining metrics like muscle usage, movement, and fatigue. This technique 

involves the placement of electrodes on the skin overlying the muscle of interest, which detect 

the electrical signals generated by muscle fibers during contraction. Surface EMG can provide 

real-time information on muscle activity, making it a valuable tool for evaluating the 
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effectiveness of ergonomic interventions, monitoring the impact of physical labor on muscle 

health, and identifying muscle imbalances that may contribute to injury risk.  

1.4 Inertial Measurement Units 

Inertial Measurement Units (IMUs) are rapidly evolving technology in biomechanics 

research that are used to measure and record human movement. IMUs are small, wearable 

devices that contain accelerometers, gyroscopes, and magnetometers, which can provide precise 

information on the orientation, velocity, and acceleration of body segments during movement. 

This information can be used to assess aspects of movement such as joint angles. A literature 

review of peer-reviewed research papers on IMUs, it has been found that IMUs are generally 

regarded as a reliable and precise tool, barring the issue of IMU drift. This particular 

phenomenon arises due to the continuous integration of noise errors that are inherent when IMUs 

are utilized to determine the absolute position of an object or body part over an extended period 

of time. The accumulation of these errors can lead to a divergence between the calculated and 

actual position, which can have implications on the accuracy of the data produced. As such, it is 

crucial to take into account the potential for IMU drift when using this technology in research 

and to implement strategies to mitigate its impact on the validity of the results obtained (Arlotti 

et al., 2022). For this specific use case, IMU sensors are not being utilized for long periods of 

time and for absolute position, only for joint angles, so IMU drift is not a concern of this study.   

1.5 Research Gap 

 The current research in the industry lacks adequate focus on the musculoskeletal 

implications of variable worksurface orientations in hammering tasks, indicating a significant 

research gap. While there is existing literature and studies on workstation heights, hammer 
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properties, and general ergonomic considerations, there is a lack of analysis regarding the 

realistic worksurface orientations that workers commonly encounter in their daily tasks. 

Understanding the impact of different worksurface orientations on biomechanics is vital 

for optimizing worker safety and productivity. It is imperative to address this research gap in 

order to develop evidence-based guidelines and ergonomic interventions. By investigating how 

worksurface orientation affects biomechanics and muscle activity, researchers can identify 

optimal orientations that minimize stress on the musculoskeletal system while maximizing 

efficiency and performance. 

Bridging this research gap through comprehensive studies on the biomechanical implications 

and muscle activity associated with different worksurface orientations in hammering tasks is 

essential for advancing occupational ergonomics and ensuring the well-being of workers. By 

gaining a deeper understanding of how worksurface orientation influences musculoskeletal 

health, appropriate measures can be taken to improve ergonomics and enhance worker outcomes. 
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2. METHODS 

2.1 Participants  

A total of 17 right-handed participants 10 male and 7 female, ages 22-48 (Mean=26.2, 

SD= 6.35) were recruited for this study. Average body measurements for the participants can be 

found in Appendix A. Participants for this study were found via word of mouth as well as printed 

flyers (Appendix B) that were posted around the North Carolina State University Campus, due to 

this, the sample represented a generally younger population. None of the participants reported 

having a physical injury or surgery in the 6 months leading up to the study. Additionally, none of 

the participants indicated that they suffered from chronic pain that would affect their ability to 

perform a hammering task. Lastly, all of the participants agreed to refrain from any strenuous 

arm workouts 1-2 days prior to the experiment to ensure soreness would not be prevalent. 

Compensation was paid at a rate of $15 per hour, with each session lasting between 1.5 and 2 

hours.  

 

2.1.1 Sample Size and Effect Size 

 There have been a finite number of studies completed looking at biomechanical data in 

regard to hammering tasks. These studies were used as a basis for determining the sample size 

utilized in this study. Table 1 displays various samples sizes for these studies. 
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Table 1: Sample Sizes of Similar Studies 

Reference  Participant 

Sample Size  

Chen, Y.-H., & Chen, Y.-L. (2018). An optimal effective working height for 

hammering tasks. Work, 61(2), 181–187. https://doi.org/10.3233/wor-

182791  

10 

Côté, J. N., Feldman, A. G., Mathieu, P. A., & Levin, M. F. (2008). Effects 

of fatigue on intermuscular coordination during repetitive hammering. 

Motor Control, 12(2), 79–92. https://doi.org/10.1123/mcj.12.2.79  

30  

Christensen, H. (1986). Muscle activity and fatigue in the shoulder muscles 

during repetitive work. European Journal of Applied Physiology and 

Occupational Physiology, 54(6), 596–601. 

https://doi.org/10.1007/bf00943347  

7 

Balendra, N., & Langenderfer, J. E. (2017). Effect of hammer mass on upper 

extremity joint moments. Applied Ergonomics, 60, 231–239. 

https://doi.org/10.1016/j.apergo.2016.12.001 

10 
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Table 1: Sample Sizes of Similar Studies (Continued) 

Petrič, T., Simpson, C. S., Ude, A., & Ijspeert, A. J. (2017). Hammering does 

not fit Fitts’ law. Frontiers in Computational Neuroscience, 11. 

https://doi.org/10.3389/fncom.2017.00045  

10 

Langenderfer, J. E., Ferdous, S., & Balendra, N. (2020). Influence of 

Hammer Properties on Upper-Extremity Movement Variance during 

Hammering. Journal of Engineering and Applied Sciences, 15(6), 

1515–1521. https://doi.org/10.36478/jeasci.2020.1515.1521  

19 

Mattila, M., Karwowski, W., & Vilkki, M. (1993). Analysis of working 

postures in hammering tasks on building construction sites using the 

computerized OWAS method. Applied Ergonomics, 24(6), 405–412. 

https://doi.org/10.1016/0003-6870(93)90172-6  

18 

Schoenmarklin, R. W., & Marras, W. S. (1989). Effects of handle angle and 

work orientation on hammering: I. Wrist Motion and hammering 

performance. Human Factors: The Journal of the Human Factors and 

Ergonomics Society, 31(4), 397–411. 

https://doi.org/10.1177/001872088903100404  

8 
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Table 1: Sample Sizes of Similar Studies (Continued) 

Schoenmarklin, R. W., & Marras, W. S. (1989). Effects of handle angle and 

work orientation on hammering: II. muscle fatigue and subjective 

ratings of body discomfort. Human Factors: The Journal of the Human 

Factors and Ergonomics Society, 31(4), 413–420. 

https://doi.org/10.1177/001872088903100405 

8 

 

The effect size for the study was calculated using Eta-Squared (η²), which represents the 

proportion of variance in the dependent variable explained by the group membership. The 

calculated Eta-Squared value was 0.058, indicating a small effect size. 

Based on the obtained effect size, a power calculation was performed. The power 

calculation revealed that with the current sample size of 17 participants, the study had a 

statistical power of 0.834. This power is close to the widely accepted statistical power of .8, 

which indicates reliability of the data.  

 

2.2 Hardware and Software 

This experiment utilized Trigno EMG wireless sensors to measure muscle activity during 

the tasks performed in this experiment (Figure 1). The sensors wirelessly transmit the Real-Time 

EMG signals to the Delsys EMGworks software. 
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Figure 1:Trigno EMG Wireless Sensor (Delsys Inc.) 

The other technology employed in this experiment is the Xsens MVN Awinda, which is 

used to capture IMU data. The Awinda is composed of various velcro straps that are placed on 

the arms, legs and waist, gloves, a headband, and a shirt that are used to mount the sensors 

(Figure 2). The MVN Awinda is controlled by the MVN Analyze software. The IMU sensors use 

an access point that wirelessly connects to the software through the use of a router.  

 

Figure 2: MVN Xsens Awinda (Movella) 
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2.3 Tasks 

Hammering tasks can be extremely variable leading to differing postures, because of this, 

six different postures were chosen to be evaluated in this experiment. They were chosen based on 

various postures that can be seen in industry. These postures were identified based on consulting 

with a Certified Professional Ergonomist, literature review and video exploration. It should be 

noted that there are many different postures that could be seen in industry, but for the scope of 

this experiment, the worksurface location and orientation were narrowed down to these six.  

There are three different heights, and at each height two different postures were explored. Visual 

representations of all of these tasks can be found in Appendix K.  

2.3.1 Low Level  

 According to a study done by Spielholz, carpenters were seen to be working at or below 

knee level for over 33% of the day and around 80% of the hammering observations revealed 

working heights at knee level or below. It was also found that a majority of hammering tasks 

studied occurred in a flexed torso position Spielholz et al., 1998). Hammering frequently requires 

hammering below the knee, with one or both knees bent. For example, this occurs in concrete 

form preparation, constructing frames for roofs, roof joisting, and the construction of footing 

forms (Mattila et al., 1993). Utilizing U.S. Anthropometric Data from Kodak’s Ergonomic 

Design for People at Work, the 50th Percentile Tibial Height for a combination of men and 

women was reported to be 43.6 cm. Since hammering tasks occur below the knee, the Low 

height for this experiment was chosen to be half of the 50th percentile Tibial Height, or, 21.8cm 

(Chengalur et al., 2004). 
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2.3.2 Medium Level – Bench  

There have been a few studies done that utilize a bench height when measuring different 

properties of hammering (Schoenmarklin & Marras, 1989; Karwowski et al., 2003). After 

consulting with an experienced certified professional ergonomist from the North Carolina Center 

for Ergonomics regarding postures in the construction industry, he explained that the use of a 

sawhorse is extremely common. Additionally, from video exploration of common tasks 

completed in the construction industry, it was confirmed that the use of the sawhorse in industry 

occurs often. A sawhorse can be used for various purposes, from holding a board for sawing, or 

to be used as the base of a work bench. Based on the consultation, previous studies, and video 

review, the Medium Level will be performed on a sawhorse at a 32 in height. 

2.3.3 High Level – Top  

In two different studies that analyzed the working postures in hammering tasks on 

construction sites it can be seen that there are various tasks that require work to be done above 

shoulder level. Some of these tasks include scaffolding work, forming, and roof joisting (Mattila 

et al., 1993; Li, 2000). Based on the 50th percentile stature height for a combination of men and 

women, the high height is set to 168 cm (Chengalur et al., 2004) in order to be representative of 

these tasks. 

2.3.4 Neutral – (Center) 

Various studies have looked at hammering when the nail is in line with the subject 

(Schoenmarklin & Marras, 1989 Part I, Schoenmarklin & Marras, 1989 Part II, . Petrič et al., 

2017, Chen & Chen, 2018, Buchanan et al., 2016, Côté et al., 2008, Côté et al., 2005). 
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Additionally, after consulting with a certified professional ergonomist, as well as video review of 

common tasks in industry, it was confirmed that it is very routine to hammer a nail that is 

directly in front of the person hammering. We define “in-line” as the nail being directly in-front 

of the participants right shoulder. We will refer to this level as Neutral because there is no 

shoulder abduction or adduction or trunk twisting. 

2.3.5 Adduction – (Left)  

No previous studies have evaluated a hammering task where the subject must cross the 

sagittal plane. From consulting a certified professional ergonomist at the North Carolina Center 

for Ergonomics, personal experience as well as from various job function videos, this posture is 

very common. It was chosen for the nail to be on the left because this study was only recruiting 

right-handed subjects, so to ensure adduction of the shoulder as well as slight trunk twisting, the 

nail as placed 3 inches over from the Neutral nail position. 

As a recap, the following levels will be evaluated. Low Level Neutral, Low Level 

Adduction, Medium Level Neutral, Medium Level Adduction, High Level Neutral and High-

Level Adduction, all of which can be found in Appendix K. 

 

2.4 Independent Variables 

The independent variables in this study included the hammering height (y-plane), 

hammering location (x-plane). There were three different heights that were utilized in this study, 

low, medium and high, and there were two different locations, neutral and adduction. The 

different heights and nail locations in this study were chosen based on common hammering 



 

18 

 

heights and postures that can be seen in industry. The explanation of the selected heights and 

locations can be found in Section 2.3. Overall, there are three different heights and two different 

locations that result in a total of six different postures that are evaluated in this study. The 

following list shows the combination of levels that were assessed; Low Level - Neutral, Low 

Level - Adduction, Medium Level - Neutral, Medium Level - Adduction, High Level - Neutral, 

and High Level - Adduction,  

2.5 Dependent Variables  

Two dependent variables were assessed for this study are joint angles and muscle activity.  

2.5.1 Joint Angles 

Examining joint angles allows for the assessment of body alignment and movement 

patterns, aiding in the identification of deviations and abnormal joint movements. This analysis 

provides valuable insights into task-specific risks and enhances our understanding of body 

mechanics, movement patterns, and potential injury risks. By considering joint angles, injury 

prevention strategies can be better developed and implemented. 

There were 12 joints that were evaluated during this experiment through the use of IMU 

sensors. The joints included were L5-S1, L4-L3, L1-T12, T9-T8, T1-C7, C1-Head, Right T4 

Shoulder, Right Shoulder, Right Elbow, Right Wrist, Right Hip and Right Knee. For each of 

these joints, three types metrics were calculated; abduction/adduction, axial rotation, and flexion 

and extension. Not all of the 12 observed joints have all the degrees of freedom mentioned, so 

when evaluating the joints, if a certain joint does not have that degree of freedom, there will be 
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an X in that data cell. The joints observed can be visually seen in Appendix C and the joint 

movements and degrees of freedom can be visually seen in Appendix M.  

2.5.2 Muscle Activity 

 The examination of muscle activity yields valuable insights into the body’s response 

during specific tasks. Through EMG and muscle activity analysis, it becomes possible to better 

predict and assess the risk of injury. Certain patterns of muscle activity and imbalances have 

been linked to specific types of injuries. By monitoring muscle activity, it becomes possible to 

identify individuals at a higher risk of injury and explore preventative measures to mitigate these 

risks.  

 In this experiment, the primary metric used to assess muscle activity was maximum 

voluntary contraction (MVC). MVC serves as a fundamental baseline measurement, reflecting 

the capacity and capability of an individual's muscles. By determining MVC values for the 

muscles under examination, we were able to calculate the percentage of MVC utilized during 

different tasks. This allowed for a comparative analysis of muscle activity among individuals. 

MVC offers a standardized approach for comparing and interpreting muscle strength, ensuring 

consistency and facilitating meaningful comparisons across the study. 

There were 11 muscles assessed during this experiment through the use of EMG sensors. 

The muscles included the Triceps Brachii Lateral Head, Triceps Brachii Long Head, Biceps 

Brachii, Deltoideus anterior, Deltoideus Posterior, Deltoideus  Medius, Flexor Carpi Ulnaris, 

Flexor Carpri Radialis, Erector Spinae Iliocostalis, Erector Spinae longissimus and the Upper 

Trapezius Descendens. Some of these muscles are not broken down into smaller subsections of 

muscles, this is due to the scope of this experiment. In the initial pilot test the muscle above were 



 

20 

 

identified as having the most variable activity. Additionally, due to limited EMG sensor 

resources, not all muscle that were wanted to be evaluated were able to be. This is a limitation of 

the study and in future studies should be explored. The Placement of the electrodes on the body 

are depicted by a black dot on the muscle which can be located in Appendix D.  

2.6 Control Variables  

In this study there were a group of variables that remained constant to ensure data among 

participants was comparable. The controlled variables were hammer, nails, pre-hammered nail 

amount, wood and environmental conditions (temp, lighting, and noise). The hammer chosen 

was a CRAFTSMAN 16 oz. fiberglass claw hammer seen in Figure 3. The nails utilized in this 

experiment were 6D 2” Grip Rite Common Nails which can be seen in Figure 4. Common nails 

are used for general indoor construction like carpentry and framing. Additionally these nails are 

made to conform to ASTM F1667.  

 

Figure 3: Craftsman Claw Hammer 
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Figure 4: Grip Rite Common Nails 6D 2” 

 

2.7 Experimental Design  

This study followed a within-subject design. Every participant experienced every postural 

condition. Each participant completed each task condition five times, for a total of thirty trials. 

The order of the task condition was randomized to mitigate accidental bias and limit the impact 

that the sequence of trial order could have on the outputs, the randomization table can be found 

in Appendix E.  

2.8 Hypotheses  

Based on the information described in the above sections, the following hypotheses were 

formulated: 

 H1: Hammering posture and worksurface orientation affects joint angles during a 

hammering task. 
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H2: Hammering posture and worksurface orientation affects muscle activity during a 

hammering task. 

2.9 Procedure  

2.9.1 Screening And Consent Form 

       Once the participant expressed interest in participation in the study, they were emailed an 

electronic copy of the adult consent form (Appendix F). Once the participant passed the 

inclusion/exclusion screening process (Appendix G) they then scheduled a time with the 

researcher to come into the lab for the experiment. Upon arrival, participants were provided with 

a brief introduction to the study. They were informed that if at any point during the study they 

wanted to stop for any reason, they should inform the experimenter and the experiment would 

end and they would be paid a prorated amount for the amount of time they completed. 

Participants then completed the adult consent form (Appendix F) as well a COVID-19 informed 

consent addendum (Appendix H) and a screening survey to ensure that they did not have any 

symptoms (Appendix I). 

2.9.2 IMU Prep 

Another variable of this study is the joint angles. Once the consent forms were completed 

and an overview of the experiment was given, the experimenter took various body 

measurements, to prepare for calibration of the Inertial Measurement Unit Suit (IMU). Prior to 

placing the XSENS Awinda IMU suit on the participant, the EMG sensors were placed. After the 

EMG sensors were placed on the participant, the experimenter assisted the participant in putting 
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on the IMU suit, and the sensors were then placed on the participant. The location of the IMU 

sensors can be seen in Appendix L.  

2.9.3 EMG Prep 

After taking body measurements and prior to placing the IMU suit on the participant, 

EMG sensors were placed on 11 different muscles on the low back, shoulder and upper 

extremities. The experimenter placed the EMG sensors on the surface of the skin using double 

sided tape. The location of placement for the EMG sensors can be seen in Appendix D.  

2.9.4 Maximum Voluntary Contraction  

Once the IMU Suit was on the participant, the experimenter then explained that MVC 

trials were going to be conducted. As explained in Section 2.5.2 obtaining the MVC is important 

to utilize in order to be able to normalize muscle output that is gathered during the experimental 

trials. Six different MVCs were performed prior to starting the experiment. The MVC was 

performed for three seconds, three times per muscle, giving the participant a one minute rest 

period between each of the MVC trials. The specific tasks used to obtain the MVC can be found 

in Appendix J.  

2.9.5 IMU Calibration  

After the MVC trials were completed, the IMU suit was calibrated to ensure proper and 

accurate measurements of the joints during the experiment. To perform the calibration the 

participant was instructed to stand on an “X” that was marked on the floor. They were told to go 

into a “T” pose (Figure 5) and hold that pose for 4 seconds. Then they were instructed to place 

their arms by their side and walk forward for 6 seconds. After the forward movement the 
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experimenter told them to turn around and return to the starting “X” location. Once there, they 

were instructed to turn around and face forward and assume the “T” pose again and hold that for 

about 30 seconds. Once the calibration was completed, the XSENS software ranked the 

calibration as “poor” or “successful”. If the calibration resulted in a “poor” label, the calibration 

process was repeated until “successful”, this was done to ensure accurate measurements during 

the trials. In case that during the experimental trials, one or more of the IMU sensors fell off, the 

experiment was paused and the calibration was performed again. Ensuring proper calibration of 

the IMU suit throughout the experiment is paramount to guarantee precise data. 

 

Figure 5: T-Pose for IMU Calibration  

2.9.6 Practice  

 Once the pre-trial preparation was completed, the participants were shown the six 

different postures that they would be performing. The experimenter allowed the participants to 

practice hammering in all of the postures prior to the first trial. A criteria for being eligible for 
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this study was to have previous hammering experience, so it was not necessary to show them 

how to hold the hammer, the experimented told them to hold the hammer in whatever way made 

them feel most comfortable and natural. The experimenter reiterated that if any point during the 

study they wanted to stop, they should inform the experimenter and they study would be 

complete, and they would be paid a prorated amount for the amount of time that they participated 

in the experiment.  

2.9.7 Trials  

The experimenter then told the participant what posture they would be in for the first 

trial. The participant then completed the trial, afterwards they were instructed to place the 

hammer down and rest for 2 minutes, this was done to mitigate fatigue. In order to remain 

consistent between participants, they were told to remain standing during their rest period. 

During the 2 minute rest period, the experimenter both explained and showed the participant 

what the posture would be for the next trial. This series of steps was repeated until the final trial 

occurred.  

2.9.8 Finishing Up 

 Once all the trials were complete, the experimenter aided the participant in removing the 

IMU suit as well as all of the EMG sensors. Following this, the participant filled out the 

participant payment form and was thanked for the participation in the experiment.  

2.10 Data Analysis 

Due to differences in the data, the EMG data and IMU data were analyzed separately.  
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2.10.1 IMU Data  

Data analysis was conducted on the data collected from 17 participants. Each participant 

underwent a total of 30 trials, with five trials for each of the six postures assessed. On average, 

approximately 1625 data points were collected for each joint during each trial. The number of 

data points varied among trials based on differences in the duration of hammering. The start and 

end points of each trial were determined by assessing the files, which began with the first pull 

back motion of the hammer and ended with the last follow through motion. 

The first step in the data analysis was pulling all the data from the MVNX files into 

Matlab, and then from there calculating the mean joint angles for each of the joints in every trial 

as well as their standard deviations. From there the data was imported into R Studio for further 

analysis. During the examination, it became apparent that the data did not conform to a normal 

distribution. In order to address this, a box cox transformation was employed to transform the 

data. Furthermore, despite the initial non-normal distribution observed in the data, it is 

reasonable to assume approximate normality due to the Central Limit Theorem after applying the 

box-cox transformation. This assumption is supported by the large number of data points 

collected for each joint, as the Central Limit Theorem states that for a sufficiently large sample 

size, the distribution of the sample mean tends to be normal, regardless of the underlying 

distribution. This allows for the application of statistical techniques that rely on the assumption 

of normality, allowing for a two-way ANOVA to be conducted, with the joint and the postural 

orientation being the independent variables. From here the transformed mean axial rotation, 

mean flexion/extension and mean abduction and adduction were evaluated. 
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The statistical model used for the analysis of the Joint Angle response is presented in Equation 1: 

Equation 1: Statistical Model for Joint angle Response 

 

Where, 𝑥𝑖𝑗𝑘 = Joint Angle; 𝜇 = grand mean; 𝛼𝑖 = orientation effect (i=1,…,6); 𝛽𝑗 = Joint (j = 

1,…,12); 𝛾𝑘 = subject effect (k = 1,…,17); 𝛼𝑖𝛽𝑗 = interaction effect; 𝐸𝑖𝑗𝑘 = error.  

 

2.10.2 EMG Data 

Data analysis was conducted on EMG data collected from 13 participants. It is important 

to note that only the data from these 13 participants was deemed viable for analysis. The 

presence of problematic files in the dataset could be attributed to factors such as electrode shifts 

on the skin, electrical noise, signal quality issues, and EMG crosstalk. 

Each participant underwent a total of 30 trials, with five trials for each of the six postures 

assessed. The Delsys system captured 1926 data points per second per muscle, similar to the 

IMU data, the number of data points varied among the trials, based on the duration of 

hammering. The MVC trials had a longer duration than the experimental trails, this resulted in 

around 76,000 data points per muscle per participant.  

First, every trial and MVC data file was converted from an EMG file into an excel file 

which was then imported into Matlab. EMG can have unwanted noise and artifacts, so in order to 

mitigate these issues, a 2nd order Butterworth bandpass filter with the highpass set at 10 Hz and 

lowpass set at 400 Hz. This allowed for removal of the unwanted noise and artifacts while 
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preserving the desired muscle activity information. Following this a moving average was 

calculated, this allowed for further noise reduction and smoothing of the EMG signal. 

Raw EMG signals can not be used as a comparison between participants because 

individuals have different muscle abilities. A larger muscle has a larger signal than a smaller, 

weaker muscle. In order to be able to compare participants, the percentage of the participants 

maximum ability was used. The maximum peak for each muscle was extracted from either the 

MVC trial or experimental trial. This was done because participants did not always reach their 

maximum potential for some muscles during the MVC trial and rather reached it during the 

experimental trial. Following this, the trial signal was divided by the peak of the maximum 

contraction to generate the percent of MVC (% MVC).  From here the mean and standard 

deviations of the trials were calculated and can be seen in Table 7. 

The data was then imported into R Studio. Similar to the analysis of the IMU, it was 

discovered that the data did not adhere to a normal distribution. Consequently, a box cox 

transformation was employed once again to modify the data. The Central Limit Theorem applies 

in this scenario as well, given the large number of data points collected for each muscle. It states 

that when the sample size is sufficiently large, the distribution of the sample mean tends to 

become normal, regardless of the underlying distribution. This property enables the use of 

statistical techniques that rely on the assumption of normality. As a result, a two-way ANOVA 

was conducted, with the independent variables being the muscle and the postural orientation. 

Subsequently, the Mean and Max % MVC were assessed, and the data was used to determine if 

the different postural orientations resulted in a significant difference in % MVC among the 

individual muscles.   
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The statistical model used for the analysis of the EMG muscle response is presented in Equation 

2: 

Equation 2: Statistical Model for EMG Response 

 

Where, 𝑥𝑖𝑗𝑘 = % MVC; 𝜇 = grand mean; 𝛼𝑖 = orientation effect (i=1,2,3,4,5,6); 𝛽𝑗 = Muscle (j = 

1,…,12); 𝛾𝑘 = subject effect (k = 1,…,17); 𝛼𝑖𝛽𝑗 = interaction effect; 𝐸𝑖𝑗𝑘 = error.  
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3. RESULTS 

This section details the results from the experiment described in section 2.9 including 

descriptive statistics and a report of the results from the statistical analysis. A significance level 

of α=0.05 was used as a criterion for establishing statistical significance of all ANOVA and post-

hoc test results. 

3.1 Inertial Measurement Units   

3.1.1 IMU Descriptive Statistics  

Table 1, Table 2, and Table 3 present the mean and the standard deviations of the 

measured joints Abduction/Adduction, Axial Rotation and Flexion/Extension respectively. For 

abduction/adduction it was seen that in 7 of 10 joints, left orientations resulted in higher angles, 

for axial rotation 7 of 9 joints, the left orientation resulted in higher angles, and for 

flexion/extension 8 of 12 joints, the center (neutral) work surface orientation resulted in higher 

angles. The following are the abbreviations for the worksurface orientation that are shown in the 

tables below: Top Left (TL), Top Center (TC), Bench Left (BL), Bench Center (BC), Low Left 

(LL), Low Center (LC).  
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Table 1: Mean Abduction/Adduction [SD] of Joints by Worksurface Orientation 

Mean [SD] Abduction(+)/Adduction(-) 

Joint  TL TC BL BC LL LC 

C1-Head  1.7459 

[6.1448] 

-2.0827 

[5.4824] 

-4.9108 

[7.3624] 

-3.7865 

[7.9575] 

1.8452 

[6.7176] 

5.7027 

[14.87] 

L1-T12 -2.0389 

[1.4999] 

-1.0177 

[0.99111] 

-1.4944 

[1.4158] 

-1.2007 

[1.822] 

-0.72182 

[1.6386] 

0.31102 

[1.8738] 

L4-L3 -2.039 

[1.4999] 

-1.0177 

[0.99113] 

-1.4945 

[1.4159] 

-1.2007 

[1.8222] 

-0.72185 

[1.6385] 

0.31103 

[1.8738] 

 

L5-S1 -4.6654 

[3.4118] 

-2.2822 

[2.2638] 

-3.4918 

[3.554] 

-2.7237 

[4.5175] 

-1.6346 

[3.5937] 

0.79613 

[4.146] 

Right 

Elbow  

X X X X X X 

Right Hip 1.7877 

[6.2933] 

2.1246 

[6.0273] 

1.5876 

[6.39] 

2.9258 

[5.1566] 

7.0152 

[13.092] 

7.945 

[13.181] 
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Table 2: Mean Abduction/Adduction [SD] of Joints by Worksurface Orientation (Continued) 

Right Knee X X X X X X 

Right 

Shoulder  

20.63 

[10.948] 

22.494 

[9.0398] 

24.928 

[7.8697] 

27.628 

[6.9262] 

34.618 

[19.845] 

30.435 

[21.554] 

Right T4 

Shoulder 

-4.6596 

[7.7496] 

-5.482 

[6.8623] 

-5.5236 

[9.8346] 

-7.391 

[11.446] 

-3.0439 

[11.009] 

-2.0101 

[8.886] 

Right Wrist -1.0757 

[4.3623] 

-1.0385 

[4.2003] 

-1.2058 

[4.8779] 

-1.2295 

[5.0158] 

-0.97128 

[3.9505] 

-0.88001 

[3.5039] 

T1-C7 0.99129 

[3.5068] 

-0.62762 

[3.2757] 

-3.3561 

[4.2688] 

-2.3597 

[4.6661] 

0.65226 

[4.0432] 

1.5474 

[4.8825] 

T9-T8 -1.5745 

[1.1412] 

-0.76684 

[0.76168] 

-1.1613 

[1.1514] 

-0.91395 

[1.4774] 

-0.56305 

[1.2191] 

0.23704 

[1.4084] 
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Table 3: Mean Axial Rotation [SD] of Joints by Worksurface Orientation 

Mean [SD] Axial Rotation   

Joint  TL TC BL BC LL LC 

C1-Head  -0.5246 

[8.2976] 

-3.719 

[6.8456] 

8.4662 

[6.0673] 

4.293 

[6.1868] 

2.7023 

[8.3186] 

1.1789 

[6.6961] 

L1-T12 0.65977 

[1.0589] 

0.08747 

[1.0056] 

0.61846 

[1.7908] 

0.23002 

[2.0724] 

0.28854 

[2.9291] 

-0.12645 

[2.3621] 

L4-L3 0.65956 

[1.0589] 

0.087365 

[1.0056] 

0.61831 

[1.7907] 

0.2299 

[2.0722] 

0.28846 

[2.9291] 

-0.12642 

[2.3621] 

L5-S1 1.1537 

[2.3549] 

0.050111 

[2.2416] 

0.97842 

[3.7502] 

0.2193 

[4.318] 

0.39549 

[6.66] 

-0.20061 

[5.3531] 

Right 

Elbow  

X X X X X X 

Right Hip X X X X X X 

Right Knee X X X X X X 
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Table 4: Mean Axial Rotation [SD] of Joints by Worksurface Orientation (Continued) 

Right 

Shoulder  

72.855 

[22.24] 

63.445 

[14.203] 

73.989 

[13.278] 

69.471 

[14.716] 

119.88 

[23.841] 

105.14 

[37.93] 

Right T4 

Shoulder 

4.5653 

[5.7667] 

5.4896 

[4.6942] 

12.061 

[5.403] 

10.292 

[10.292] 

15.564 

[12.211] 

16.549 

[14.439] 

Right Wrist 0.1202 

[0.86565] 

0.10916 

[1.3486] 

-0.61958 

[2.5874] 

-0.91321 

[3.6957] 

-0.44714 

[1.8618] 

-0.48942 

[1.9561] 

T1-C7 -0.03737 

[4.3068] 

-2.2106 

[3.3995] 

4.0886 

[2.8213] 

1.9986 

[2.7759] 

1.6285 

[4.1031] 

0.92285 

[3.4481] 

T9-T8 0.32722 

[0.76892] 

-0.018142 

[0.7348] 

0.3524 

[1.2656] 

0.0825 

[1.4471] 

0.16644 

[2.2013] 

-0.07101 

[1.77] 
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Table 5: Mean Flexion/Extension [SD] of Joints by Worksurface Orientation 

Mean [SD] Flexion (+) and Extension (-) 

Joint  TL TC BL BC LL LC 

C1-Head  -18.023 

[7.4503] 

-16.337 

[6.3773] 

1.2634 

[8.566] 

3.6397 

[8.8393] 

-13.308 

[10.235] 

-12.601 

[10.947] 

L1-T12 -2.372 

[1.4416] 

-2.2426 

[1.7376] 

1.5966 

[2.2162] 

1.4832 

[2.2472] 

4.1465 

[3.6729] 

4.5022 

[3.8278] 

L4-L3 -8.1925 

[1.4416] 

-8.063 

[1.7376] 

-4.2239 

[2.2162] 

-4.3372 

[2.2472] 

-1.6739 

[3.6729] 

-1.3183 

[3.8278] 

L5-S1 -5.3563 

[3.2727] 

-5.0407 

[3.9214] 

3.5468 

[4.965] 

3.278 

[5.0396] 

9.3279 

[8.3044] 

10.143 

[8.6475] 

Right 

Elbow  

76.614 

[14.285] 

87.655 

[13.551] 

65.289 

[17.88] 

70.871 

[15.164] 

52.775 

[18.279] 

52.595 

[26.293] 

Right Hip 3.318 

[7.6821] 

3.057 

[7.5559] 

16.881 

[9.1008] 

16.232 

[11.435] 

80.925 

[23.574] 

85.751 

[22.857] 
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Table 6: Mean Flexion/Extension [SD] of Joints by Worksurface Orientation (Continued) 

Right Knee 9.9989 

[7.6006] 

7.1496 

[5.5683] 

8.5589 

[6.1244] 

8.0576 

[6.0485] 

35.814 

[24.765] 

35.428 

[18.309] 

Right 

Shoulder  

77.989 

[17.458] 

71.265 

[15.985] 

50.296 

[12.86] 

50.296 

[17.887] 

108.81 

[25.592] 

102.48 

[28.247] 

 

Right T4 

Shoulder 

-12.423 

[10.205] 

-16.282 

[9.4057] 

-25.27 

[9.2329] 

-24.616 

[8.5876] 

-22.922 

[15.559] 

-23.77 

[16.788] 

Right Wrist -0.7541 

[3.0653] 

-1.4468 

[5.9325] 

-1.8427 

[7.4187] 

-2.3445 

[9.4916] 

-0.13081 

[0.6426] 

0.041717 

[0.64659[ 

T1-C7 9.7003 

[3.9686] 

10.607 

[3.4183] 

20.211 

[4.6668] 

21.477 

[4.7831] 

12.263 

[5.5125] 

12.66 

[5.8975] 

T9-T8 4.0634 

[1.0786] 

4.1559 

[1.3017] 

7.0389 

[1.6643] 

6.9546 

[1.6878] 

8.9432 

[2.7531] 

9.2119 

[2.8706] 
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3.1.2 IMU Results 

The analysis of variance (ANOVA) tests for the mean joint angle response are presented 

in Table 4. In accordance with the predetermined significance level of α=0.05, p-values below 

this threshold indicate the rejection of the null hypothesis. Statistically significant results are 

denoted by p-values marked in "green," while findings marked in "blue" indicate significant 

outcomes related to "nuisance" variables such as observed ordering effects, that are not directly 

addressed by the hypothesis. 
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Table 7: IMU ANOVA Results 

Response Effect P-Value 

Mean 

Abduction/Adduction 

Participant <.001 

Orientation <.001 

Joint <.001 

Orientation*Joint <.001 

Mean Axial Rotation Participant  <.001 

Orientation <.001 

Joint <.001 

Orientation*Joint <.001 

Mean 

Flexion/Extension 

Participant  <.001 

Orientation <.001 

Joint <.001 

Orientation*Joint <.001 
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Subsequently, a detailed examination was conducted on each joint individually to assess 

the specific muscles affected by worksurface orientation. The outcomes of this analysis are 

presented in Table 5, providing insights into the significant effects of orientation on different 

muscles for each joint, significant factors are marked in “green”. 
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Table 8: Worksurface Orientation Significance on Individual Joint Mean Angles 

Joint  Abduction/Adduction Axial Rotation Flexion/Extension  

C1-Head  <.001 <.001 <.001 

L1-T12 <.001 <.001 <.001 

L4-L3 <.001 <.001 <.001 

L5-S1 <.001 0.045  <.001 

Right Elbow  X X <.001 

Right Hip <.001 X <.001 

Right Knee X X <.001 

Right Shoulder  <.001 <.001 <.001 

Right T4 

Shoulder 

<.001 <.001 <.001 

Right Wrist <.001 <.001 <.001 

T1-C7 <.001 <.001 <.001 

T9-T8 <.001 0.042  <.001 
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Following the determination that all joints were significantly affected by orientation; the 

next step was to determine which orientations had the largest effect on the different joint angles. 

To do this a post-hoc Tukey-Kramer HSD test was performed to identify the most significantly 

different mean joint angles (significance level of   ≤ 0.05). Table 6 shows the connecting letter 

report for each joint, for each of the three joint angle metrics. Treatments that have the same 

letter are not considered significantly different from one another, additionally, for each grouping, 

the letters are ranking in such a way that represents the decreasing of the mean value. For 

example, for the C1-Head joint in the Abduction/Adduction category, it would be interpreted as 

the following: There is no significant difference between Low Center, Low Left and the Top Left 

Orientation but all of them are greater than Top Center, Bench Center and Bench Left. The Top 

Center Orientation is not significantly different than the Bench Center Orientation, but it is 

greater than the Bench Left orientation, and lastly the Bench Center Orientation is not 

significantly different than the Bench Left Orientation.  

In the Abduction/Adduction metric, the Low Center Orientation exhibited the largest 

mean, significantly surpassing other orientations in 4 out of 10 joints. Alternatively, in 9 out of 

10 joints, it had the highest mean without necessarily being significantly larger than the next 

highest mean. As for the Axial Rotation metric, the orientation and output with the largest mean 

varied from joint to joint. However, an important observation is that for this metric, 9 out of 9 

joints had their highest mean joint angle associated with a left (Adduction) orientation, although 

the significance of the differences may vary in each case. Regarding the Flexion/Extension 

orientation, 8 out of 12 joints displayed larger mean joint angles for the Low Orientations. 

However, it is worth noting that the significance of the differences may vary in each case and not 

necessarily all mean values were significantly larger. 
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Table 9: Effect of Specific Orientation on Joint Angles (Tukey Analysis) 

Joint  Abduction/Adduction Axial Rotation Flexion/Extension 

C1-Head  LC A 

LL A 

TL A 

TC B 

BC BC 

BL C 

 

BL A 

BC B 

LL BC 

LC CD 

TL D 

TC E 

 

BC A 

BL A 

LC B 

LL B 

TC C 

TL C 

 

L1-T12 LC A 

LL B 

TC BC 

BC BC 

BL CD 

TL D 

 

TL A 

BL A 

LL AB 

BC AB 

TC AB 

LC B 

 

LC A 

LL A 

BL B 

BC B 

TC C 

TL C 
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Table 10: Effect of Specific Orientation on Joint Angles (Tukey Analysis) (Continued) 

L4-L3 LC A 

LL B 

TC BC 

BC BC 

BL CD 

TL D 

 

TL A 

BL A 

LL AB 

BC AB 

TC AB 

LC B 

 

LC A 

LL A 

BL B 

BC B 

TC C 

TL C 

 

L5-S1 LC A 

LL B 

TC BC 

BC BC 

BL CD 

TL D 

 

TL A 

BL A 

LL A 

BC A 

TC A 

LC A 

 

LC A 

LL A 

BL B 

BC B 

TC C 

TL C 
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Table 11: Effect of Specific Orientation on Joint Angles (Tukey Analysis) (Continued) 

Right Elbow  X X TC A 

TL B 

BC C 

BL C 

LC D 

LL D 

 

Right Hip LC A 

LL A 

BC B 

TC B 

TL B 

BL B 

 

X LC A 

LL B 

BL B 

BC C 

TL C 

TC C 
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Table 12: Effect of Specific Orientation on Joint Angles (Tukey Analysis) (Continued) 

Right Knee X X LC A 

LL A 

TL B 

BL B 

BC B 

TC B 

 

Right Shoulder  LL A 

LC AB 

BC BC 

BL BCD 

TC CD 

TL D 

 

LL A 

LC B 

BL C 

TL C 

BC CD 

TC D 

 

LL A 

LC A 

TL B 

TC C 

BL D 

BC E 
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Table 13: Effect of Specific Orientation on Joint Angles (Tukey Analysis) (Continued) 

Right T4 

Shoulder 

LC A 

LL AB 

TL BC 

BL BC 

TC C 

BC C 

 

LC A 

LL A 

BL B 

BC B 

TC C 

TL C 

 

TL A 

TC B 

LL C 

LC C 

BC C 

BL C 

 

Right Wrist LC A 

LL A 

TC A 

TL A 

BC A 

BL A 

 

TL A 

TC A 

LL AB 

LC AB 

BL B 

BC B 

 

LC A 

LL AB 

TL ABC 

TC BC 

BL C 

BC C 
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Table 14: Effect of Specific Orientation on Joint Angles (Tukey Analysis) (Continued) 

T1-C7 LC A 

TL A 

LL AB 

TC B 

BC C 

BL C 

 

BL A 

BC B 

LL B 

LC BC 

TL C 

TC D 

 

BC A 

BL A 

LC B 

LL B 

TC C 

TL C 

 

T9-T8 LC A 

LL B 

TC BC 

BC BC 

BL CD 

TL D 

 

BL A 

TL A 

LL A 

BC A 

TC A 

LC A 

 

LC A 

LL A 

BL B 

BC B 

TC C 

TL C 
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3.2 Electromyography  

3.2.1 EMG Descriptive Statistics  

Table 7 and Figure 6 present the mean and the standard deviations of the % MVC for 

each muscle by the different orientations. Additionally, Figure 7 was added to present the 

maximum % MVC that occurred during the trials. This is done to gain initial insights into the 

data and examine the impact of worksurface orientation for both the mean and maximum % 

MVC of the selected muscles. The results revealed a notable variation in the worksurface 

orientations that yielded the highest mean % MVC. These findings suggest the need for further 

analysis to explore and understand the underlying factors contributing to this variation. It is 

important to not that in Figure 7, it can be seen that Max % MVC was reached multiple times, 

this is most likely due to the participant reaching their maximum contraction during the 

experimental trial rather than during the MVC trails. The trend for 6 out of the 9 muscles shows 

an increase in muscle activation in the Low Orientation compared to the Bench and High 

Orientations. The following are abbreviations for the muscle shown in the figures and tables 

below: Biceps Brachii (B), Deltoideus Anterior (Dant), Deltoideus Posterior (Dpos), Deltoideus 

Medius (Dmed), Erector Spinae Iliocostalis (Esili), Erector Spinae Longissimus (Eslong), Flexor 

Carpi Ulnaris (Ful), Flexor Carpi Radialis (Frad), Upper Trapezius Descendens (Trap), Triceps 

Brachii Lateral Head (Tlateral), Triceps Brachii Long Head (T Long) 
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Table 15: Mean [SD] of %MVC by Orientation 

Muscle High Left High 

Center 

Bench 

Left 

Bench 

Center 

Low Left Low 

Center 

B 3.2817 

[2.8948] 

3.7356 

[4.0572] 

3.9934 

[3.3459] 

3.7669 

[3.572] 

3.8174 

[5.2918] 

3.1091 

[2.8088] 

Dant 3.1413 

[1.7572] 

3.1687 

[1.9006] 

1.8698 

[1.3321] 

1.757 

[1.2015] 

2.0233 

[1.6711] 

2.234 

[1.6012] 

Dmed 2.1299 

[1.6569] 

2.1659 

[1.9058] 

1.9119 

[1.4615] 

1.975 

[1.6229] 

2.9061 

[2.3328] 

2.6695 

[2.6359] 

Dpos 2.7855 

[2.3526] 

2.8843 

[3.1399] 

3.802 

[2.8408] 

4.2619 

[3.5439] 

5.466 

[4.5357] 

5.0365 

[5.1723] 

Esili   1.3737 

[1.1113] 

1.6484 

[1.3737] 

1.9915 

[1.7497] 

2.2743 

[1.9252] 

2.105 

[1.6071] 

2.0849 

[1.6957] 

Eslong   1.5977 

[1.0661] 

2.0861 

[1.7172] 

2.9907 

[2.6973] 

3.3196 

[2.8397] 

2.6325 

[2.0128] 

2.6345 

[2.1804] 
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Table 16: Mean [SD] of %MVC by Orientation (Continued) 

Ful 2.995 

[3.0446] 

2.9399 

[2.9819] 

2.8021 

[2.9089] 

2.7481 

[2.8978] 

2.8095 

[2.9079] 

2.6569 

[2.6567] 

Frad 7.1232 

[4.0537] 

7.3111 

[4.3779] 

8.0476 

[5.4344] 

8.5447 

[6.0717] 

7.2181 

[4.1845] 

6.7507 

[4.701] 

Trap 4.0726 

[3.303] 

3.6776 

[2.7683] 

2.4292 

[1.9062] 

2.6109 

[2.1169] 

3.6521 

[2.4532] 

3.5905 

[3.0412] 

Tlateral  4.243 

[3.4806] 

5.0612 

[4.1926] 

4.5918 

[4.5657] 

4.2021 

[3.6792] 

4.2937 

[3.9927] 

4.7934 

[4.1585] 

Tlong   3.9442 

[5.422] 

2.8681 

[2.7008] 

3.7418 

[4.1253] 

3.223 

[4.0288] 

5.6696 

[7.6063] 

3.9506 

[4.207]  
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Figure 6:Worksurface Orientation Effect on Mean % MVC 

 

Figure 7:Worksurface Orientation Effect on Max % MVC 
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3.2.2 EMG RESULTS  

Table 8 displays the results of the analysis of variance (ANOVA) tests for the mean EMG 

response and max EMG response, respectively. In this study, the significance level was 

predetermined as α=0.05. P-values below the significance level indicate the rejection of the null 

hypothesis. P-values marked in "green" indicate statistically significant results, while those 

marked in "blue" indicate significant findings related to "nuisance" variables. 

 

Table 17: ANOVA results of components for mean EMG response 

Parameter Effect P-Value 

Mean EMG Response  Participant <.001 

Orientation 0.018 

Muscle <.001 

Orientation*Muscle <.001 

Max EMG Response  Participant  <.001 

Orientation <.001 

Muscle <.001 

Orientation*Muscle <.001 

 



 

53 

 

Next, to further evaluate the previous findings, each muscle was looked at separately to 

determine which of the muscles the orientation had a significant effect on. It was found that all 

muscles were significantly affected by worksurface orientation except for the Triceps Brachii 

Long Head. Following this an analysis using the post-hoc Tukey-Kramer HSD was conducted to 

identify significant differences in mean % MVC means among the worksurface orientations for 

the different muscles observed. The interpretation of the Tukey results should be conducted in 

the same manner that IMU Tukey results were in Section 3.1.2. These findings can be seen in 

Table 9. 

  The Tukey output varies across different muscles, but certain correlations should be 

highlighted. Strong evidence indicates that the Low Left orientation consistently yielded a higher 

mean in 6 out of 11 instances or belonged to the higher mean category. However, it was not 

significantly higher than every other mean in 8 out of 11 cases. It is worth noting that the next 

highest mean was observed in the Top Center orientation, which significantly surpassed the 

means in 4 out of 11 instances or fell within the higher category of means in 6 out of 11 

occurrences. 

 

 

 

 



 

54 

 

Table 18: Orientation Significance on Individual Muscles and Tukey HSD Results  

Muscle P-Value Tukey-HSD 

B <.001 BL A 

BC AB 

TC ABC 

TL BC 

LL C 

LC C 

 

Dant <.001 TL A 

TC A 

LC B 

LL B 

BL B 

BC B 
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Table 19: Orientation Significance on Individual Muscles and Tukey HSD Results (Continued) 

Dmed <.001 LL A 

LC B 

TL B 

TC BC 

BC CD 

BL D 

 

Dpos <.001 LL A 

BC AB 

BL B 

LC B 

TL C 

TC C 
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Table 20: Orientation Significance on Individual Muscles and Tukey HSD Results (Continued) 

Esili   <.001 BC A 

LL A 

LC A 

BL AB 

TC BC 

TL C 

 

Eslong   <.001 BC A 

LL A 

LC A 

BL A 

TC B 

TL C 
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Table 21: Orientation Significance on Individual Muscles and Tukey HSD Results (Continued) 

Ful <.001 TL A 

TC A 

BL AB 

LL B 

BC B 

LC B 

 

Frad 0.022 BC A 

BL AB 

LL AB 

TC AB 

TL AB 

LC B 
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Table 22: Orientation Significance on Individual Muscles and Tukey HSD Results (Continued) 

Trap <.001 TL A 

LL A 

TC A 

LC A 

BC B 

BL B 

 

Tlateral  .059 TC A 

LC AB 

TL AB 

LL AB 

BL AB 

BC B 
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Table 23: Orientation Significance on Individual Muscles and Tukey HSD Results (Continued) 

Tlong   <.001 LL A 

BL AB 

LC B 

TL B 

BC B 

TC B 
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4. DISCUSSION 

Efforts to reduce injuries within the construction/carpentry workforce have become 

increasingly important. Among the array of tools utilized in this industry, the hammer is both 

common and will remain to be used. Understanding how the human body and the hammer 

interact, particularly in situations involving variable worksurface orientations, is of critical 

importance. Therefore, this study delved into an investigation of the intricate relationship 

between muscles, joints, and the various conditions encountered while utilizing a hammer. By 

examining the physiological responses of these crucial components, insights that could 

contribute to enhancing safety measures and minimizing the risk of injuries in construction and 

carpentry settings. 

Based on the initial assumptions of this study, it was expected that altering the orientation 

of the worksurface (H1, H2) would lead to changes in both muscle activity and joint angles. A 

total of 11 muscles and 12 joints were identified for examination based on previous studies, 

human models, and a pilot study. The influence of worksurface orientation demonstrated varying 

effects on different muscles and joints. Although all joints and nearly all muscles showed 

significant effects due to worksurface orientation, it was important to further analyze the data to 

identify the specific orientations responsible for these differences. Consequently, this study 

provided support for both Hypothesis 1 (H1) and Hypothesis 2 (H2), as the joint angles and 

muscle activity displayed significant variations among worksurface orientations. 

4.1 Hypothesis 1  

Hypothesis 1 (H1) aimed to examine the impact of different worksurface orientations on 

posture and how it influences joint angles during a hammering task. Through statistical analysis 
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utilizing a two-way ANOVA, findings revealed a significant effect of both joint type and 

worksurface orientation on the mean joint angle for all three metrics that were evaluated: 

Abduction/Adduction (p=2.2e-16), Axial Rotation (p=2.2e-16), and Flexion/Extension (p=2.2e-

16). The outcomes of this test offer support for Hypothesis 1 (H1) 

Delving deeper into the data, a one-way ANOVA was employed to analyze the individual 

joints. The results of this analysis showed that the orientation of the worksurface had a 

significant impact on each individual joint across all three measured metrics (p<0.05), as 

illustrated in detail in Table 5. These findings are particularly meaningful as they further 

strengthen the support for Hypothesis 1 (H1). 

 Upon discovering the significance of joint angles, valuable conclusions can be drawn 

from the obtained results. In the T1-C7 joint, the average flexion values were found to be 

20.211° and 21.477° for the Bench Left and Bench Center orientations, respectively.  

Importantly, it should be highlighted that neck flexion beyond 20° has been recognized as a 

significant contributing factor to the occurrence of neck pain and associated conditions.  This is 

primarily due to the compressive stress exerted on the musculoskeletal components of the 

cervical spine (Baker et al., 2008; Merino et al., 2019). Andersen conducted a study that 

determined prolonged neck flexion angles beyond 20° could elevate the risk of neck injury 

(Andersen, 2003). 

The L5-S1 joint exhibited an average axial rotation ranging from -.2° to 1.15° across six 

different worksurface orientations. Research suggests that deviations from the neutral posture 

can lead to an increased burden on the lumbar spine (Merino et al., 2019). Specifically, workers 

who maintain a trunk rotation of at least 30° for more than 10% of their work time face a higher 
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risk of experiencing low back pain (Hoogendoorn et al., 2000). The mean flexion/extension of 

the L5-S1 joint falls between -5.4° and 10.14°. Similar to axial rotation, any posture that deviates 

from the neutral position increases the risk of injury and pain. However, the risk is further 

amplified when flexion/extension exceeds 60° for more than 5% of the working time 

(Hoogendoorn et al., 2000). Non-neutral postures contribute to a higher likelihood of injury due 

to the increased compression and shear forces exerted on the lumbar spine (Prairie et al., 2016). 

The average range of shoulder abduction/adduction is between 20.63° and 34.62°, while 

the mean flexion/extension of the shoulder falls within the range of 50.30° to 108.81°. Research 

indicates that the risk of musculoskeletal injuries increases when the shoulder exceeds 

abduction/adduction and flexion/extension angles of 90°, potentially leading to chronic or 

recurrent shoulder disorders (Punnett et al., 2000). This heightened risk is attributed to reduced 

blood flow and its impact on the shoulder muscles (Merino et al., 2019). Specifically, the Low 

Center and Low Left worksurface orientations resulted in > 90° flexion.   

The average wrist abduction/adduction measurements fell within the range of -1.23° to -

0.88° and -2.34° to 0.04°, respectively. According to Merino et al. (2019), a neutral wrist posture 

typically involves flexion and extension of less than 15°, and abduction and adduction within 10° 

to 15° respectively. Based on this, the likelihood of experiencing musculoskeletal disorders 

(MSDs) from this task is not high. However, it is important to note that only six worksurface 

orientations were evaluated, so there is a possibility for wrist posture to deviate and exceed these 

ranges. 

The average range of flexion and extension in the elbow joint is between 52.6° and 

87.66°. Based on the commonly used ergonomic tool, the Rapid Upper Limb Assessment 
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(RULA), the optimal position for the elbow joint is between 60° and 100°. Any angle outside 

this range is more strongly discouraged. However, the Low Center and Low Left worksurface 

orientations both lead to elbow joint angles that fall outside the recommended range. When a 

posture exceeds this range, it signifies an increased risk of injury during movement.   

In this experiment, the knee joint exhibited an average range of flexion and extension 

between 7.15° and 36.81°. The Rapid Entire Body Assessment (REBA), a commonly used 

ergonomic assessment tool, provides insights into how these angles impact the body and the risk 

of injury. According to REBA, the ideal knee joint angle is either maintaining a neutral standing 

posture or bending the legs between 30° and 60°. The risk of musculoskeletal disorders (MSDs) 

only increases significantly beyond the 60° threshold. However, it appears that the knee joints 

involved in the hammering tasks evaluated in this study do not pose a significant risk. 

4.2 Hypothesis 2 

Hypothesis 2 (H2) postulated that the posture resulting from different worksurface 

orientations would impact muscle activity during a hammering task. Muscle activity in this study 

was normalized using a percent maximum voluntary contraction (MVC) metric, enabling 

comparisons between participants. Statistical analysis using a two-way ANOVA revealed a 

significant effect of the muscle type and worksurface orientation on the mean % MVC (p=6.19e-

14). Further examination through simple main effects indicated that orientation alone had a 

significant effect on the mean % MVC (p=0.01828). Likewise, orientation and the specific 

muscle being evaluated significantly influenced the max % MVC (p=3.29e-16), with orientation 

alone again having a significant effect (p=0.000105). 
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To further examine Hypothesis 2 (H2) and identify the specific muscles affected by 

worksurface orientation, separate one-way ANOVAs were performed on each muscle. The 

results revealed that all muscles, except for Triceps Brachii Lateral, exhibited a significant 

influence from worksurface orientation (Table 9). This outcome provides additional evidence in 

support of H2.   

A report by Merino et al. in 2019 reported that engaging in intense physical activity 

beyond 60% of the maximal voluntary contraction (MVC) can lead to myoelectric fatigue. This 

fatigue occurs due to reduced blood flow in the deep muscle tissue, resulting in various effects 

such as decreased muscle performance, compromised muscle coordination, increased 

susceptibility to injury, delayed recovery, and the possibility of reaching a performance plateau. 

In this particular experiment, the average % MVC did not surpass the 60% MVC threshold, 

indicating that the hammering task did not obstruct the blood supply to the muscles under 

investigation. However, by referring to Figure 7, which depicts the Worksurface Orientation 

Effect of Max % MVC, it becomes evident that the 60% threshold was exceeded multiple times 

for all muscle groups and orientations, at least at certain time points. 
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5. CONCLUSION 

The overarching goal of this study was to investigate how the body reacts to different 

worksurface orientations while hammering. The effects were measured based on joint angles 

captured by an inertial measurement unit system, and muscle activity captured through the use of 

electromyography. Through analysis it was revealed that worksurface orientation has a 

significant effect on muscle activity and joint angles. By utilizing the information collected in 

this study, administrative controls can be implemented in the workplace to limit the amount of 

time workers spend in non-optimal working postures.  

5.1 Limitations  

This experiment encountered several limitations. Firstly, the worksurface orientations 

used in the study, although representative of common industry orientations, present a simplified 

version of the various scenarios encountered in real occupational environments. The dynamic 

and ever-changing nature of day-to-day experiences and environments was not fully captured in 

this experiment. 

Furthermore, conducting the experiment in a controlled lab setting imposes limitations on 

the inclusion of environmental factors that can impact task performance. Variables such as 

weather conditions, environmental influences, and psychosocial factors that are present in real-

world occupational settings were not accounted for in this controlled environment. 

This study also encountered a limitation regarding the recording of EMG signals. 

Although surface EMG is generally reliable, it is important to acknowledge certain 

inconsistencies associated with this technique. One such factor is the variation in body fat 
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composition among individuals, which can potentially affect the EMG signals obtained. 

Moreover, EMG surface electrodes may capture noise caused by participants' clothing and the 

interaction of sweat with the electrodes. These factors introduce additional complexities and 

potential sources of error in the EMG recordings. 

This study had a limitation regarding the participants' level of expertise in construction 

work or carpentry. Although all participants had previous experience with hammering and were 

familiar with the task, they did not possess the same level of expertise as experienced industry 

workers. The recruitment process, conducted on a university campus, may have contributed to 

this limitation. It is important to acknowledge that the inclusion of actual industry workers could 

have potentially provided more accurate results. However, to partially address this limitation, the 

study utilized the percent maximum voluntary contraction (% MVC) as the EMG metric. This 

metric helped normalize the muscle activity measurements across participants, thereby reducing 

the impact of varying skill levels. 

 The experiment results could have been impacted by the small sample size of 17 

participants. This limitation can have several consequences, including reduced statistical power, 

limited generalizability, and increased sampling error. With a larger sample size, the study would 

have had greater statistical power to detect meaningful effects, improved generalizability to the 

target population, and reduced sampling error. Therefore, a larger sample size might have 

yielded different results and provided more robust conclusions. 

 Finally, it is important to consider the impact of the number of trials per level on the 

results. In this study, each participant performed five hammering trials, with short breaks 

between the trials and longer breaks between different levels to minimize and manage fatigue. 
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However, it is worth noting that in a real occupational environment, breaks between nails would 

not typically occur. Fatigue is a significant factor in this type of work and has been studied 

extensively in previous research. However, this experiment did not specifically account for 

fatigue in its design and analysis. 

5.2 Future Work 

There are numerous potential directions for future studies in the field of hammering. One 

particularly relevant avenue would involve conducting a field study, which would provide 

insights into various worksurface orientations, work heights, and different postures encountered 

in real-world settings. Unlike the controlled laboratory environment, an occupational setting 

would not allow for the mitigation of fatigue. Consequently, such a study could investigate the 

impact of muscle fatigue on hammering performance in diverse situational contexts. By 

incorporating muscle fatigue into the research design, valuable insights can be gained regarding 

the effects of different factors on hammering outcomes in realistic scenarios. 

Furthermore, it would be beneficial for future studies to consider the influence of 

different hammers and materials on the body's response during hammering tasks. While these 

variables were controlled in the current study, they are subject to constant variation in real 

occupational settings. Understanding the impacts of these dynamic variables is crucial for 

comprehensively assessing the effects on human performance. Therefore, investigating how 

different hammers and materials affect the body's reactions would provide valuable insights into 

optimizing performance and mitigating potential risks in practical work environments. 
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Appendix A: Participant Body Dimensions and Dimension Definitions 

Body Dimensions (cm) 

Measurement  Mean SD 

Height 170.11 7.25 

Shoe Length 28.67 2.19 

Shoulder Height 148.03 7.12 

Shoulder Width 41.17 2.75 

Arm Span 169.58 9.38 

Hip Height 97.39 3.97 

Hip Width 30.80 3.404 

Knee Height 51.42 3.38 

Ankle Height 11.75 1.51 
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Body Dimensions Definitions  

Measurement  Definition  

Height Distance from the floor to the top of the head. 

Shoe Length Full length of the shoe. 

Shoulder 

Height 

Shoulder Height is the distance between the floor and the C7 vertebrae.  

Shoulder Width The shoulder width is the distance between the left and the right acromion 

process of the scapula.  

Arm Span The arm span is measured from fingertip to fingertip, in T-pose. 

Hip Height Hip height is measured from the floor to the greater trochanter 

Hip Width The hip width is measured from the left to the right anterior superior iliac 

spines. 

Knee Height Knee height is measured from the floor to the lateral epicondyle. 

Ankle Height Ankle height is measured from the floor to the center of the ankle. 
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Appendix B: Recruitment Flyer  
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Appendix C: Joint Angles Assessed  

Joint Label 

jL5S1 

 

jL4L3 
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jL1T12 

 

jT9T8 

 



 

79 

 

jT1C7 

 

jC1Head 

 



 

80 

 

jRightT4Shoulder 

 

jRightShoulder 

 



 

81 

 

jRightElbow 

 

jRightWrist 

 

jRightHip 
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jRightKnee 

 

(XSENS) 
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Appendix D: Muscles Assessed and EMG Electrode Placement 

Muscle Sensor Placement 

Triceps Brachii Lateral Head 

 

Triceps Brachii Long Head 
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Biceps Brachii 

 

Deltoideus Anterior 

 



 

85 

 

Deltoideus Medius 

 

Deltoideus Posterior 

 



 

86 

 

Flexor Carpi Ulnaris 

 

Flexor Carpi Radialis 
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Erector Spinae Iliocostalis 

 

Erector Spinae longissimus 
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Trapezius Descendens (Upper) 
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Appendix E: Randomization Table  

Coding of Trial Types: 1=High Adduction, 2= High Neutral, 3= Medium Adduction, 4= Medium 

Neutral, 5=Low Adduction, 6= Low Neutral 

Participant Trial Type 

1 

Trial Type 

2 

Trial Type 

3 

Trial Type 

4 

Trial Type 

5 

Trial Type 

6 

1 5 2 6 3 1 4 

2 1 3 6 5 2 4 

3 2 1 4 5 6 3 

4 6 3 1 2 5 4 

5 3 2 1 5 6 4 

6 3 2 1 4 5 6 

7 1 3 5 4 2 6 

8 2 4 1 6 3 5 

9 1 3 6 5 2 4 

10 6 4 3 5 2 1 

11 4 3 2 6 5 1 

12 4 2 1 3 5 6 

13 6 4 5 1 3 2 

14 1 3 6 5 4 2 

15 2 6 5 3 4 1 

16 1 3 5 2 4 6 

17 5 3 4 1 6 2 

18 6 4 1 3 2 5 
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19 6 2 4 1 5 3 
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Appendix F: Adult Consent Form   
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Appendix G: Inclusion/Exclusion Screening Process  
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Appendix H: Informed Consent Covid-19 Addendum  
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Appendix I: Covid-19 Screening Survey  
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Appendix J: MVC Tasks 

Muscle How to Picture 

Triceps Brachii Sit down and place 

elbow on support table 

at 90 degrees. 

Resistance applied 

toward the body 

 

Biceps Brachii Sit down and place 

elbow on support table 

at 90 degrees. 

Resistance applied 

away from the body 

 

Deltoideus Participant will place 

arms out to their side, 

the researcher will tell 

them to push upwards 

while resistance is 

being pushed 

downwards 

 

Forearm 

Flexors/Extensors 

Participant will place 

their forearm on a table 

with their wrist and 

part of their forearm 
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hanging off. The 

participant will be 

asked to push their 

wrist upwards while 

the researcher pushes 

downwards. 

Erector Spinae Lay on floor and lift 

their calves and torso 

upwards 

 

Trapezius Sit on chair with 

stomach against the 

chair. Then perform 

rowing position 
 

(Konrad, 2005) 
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Appendix K: Postural Orientations 

Low Level Neutral 

 

Low Level Adduction 
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Medium Level Neutral 

 

Medium Level Adduction 
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High Level Neutral 

 

High Level Adduction 
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Appendix L: IMU Suit Sensor Placement  

 

 

 

 

A = Head 

B = Sternum 

C = Shoulder 

D = Upper Arm 

E = Pelvis 

F = Forearm  

G = hand  

H = Upper Leg  

I = Lower Leg 

J = Foot  
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Appendix M: Joint Movements Defined 

Joint  Adduction/Abduction Flexion/Extension Axial Rotation 

C1-Head  

 

 

 

L5-S1 

 

 

 

Right Elbow  X 

 

X 

Right Hip 

 

 

X 

Right Knee X 

 

X 
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Right Shoulder  

 

 

 

Right Wrist 

 

 

 

 

 

 

 

 

 

 

 

 

 


