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ABSTRACT
Industrial cart handle design can vary an individual’s push capacity up to 9.5%
and can impact the function of trunk muscles. However, to date no studies have
examined the neuromuscular activity of the trunk muscles involved using surface
electromyography (sEMG). The purpose of this study was to examine the effects of
handle design on trunk muscle activity and handle push force when initiating the push of
a platform truck. Ten male and ten female participants (mean age = 24.25 ± 4.28 years)
pushed 216 kg using six different handle designs. Multichannel high density sEMG
(HDsEMG) data were recorded from three trunk muscles (rectus abdominis, erector
spinae and external obliques) while a force transducer collected hand force. Spatial
distribution was estimated using the Root Mean Square (RMS) and 2-Dimensional (2D)
maps were developed to examine spatial features including differential intensity and
intensity. Coefficient of variation (CV) and entropy was also used to examine
alterations in muscle heterogeneity and pattern. The handle design involving a hip height
and horizontal handle orientation (HH) resulted in significantly greater entropy
(p=0.023) which demonstrated homogeneity among the trunk muscles, significantly
lower mean RMS (p<0.05) and significantly lower hand force (p<0.05). The current
research suggests that the HH handle design reduces trunk muscle activity while
maximizing the hand force initiating the push, which may help determine optimal work
protocols and improve current handle design.
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1.0 Introduction
By definition, manual material handling (MMH) refers to an object being lifted,
lowered, carried, pushed or pulled by hand (Snook et al. 1978). Previous MMH research
has primarily focused on lifting and lowering in part because of the development of the
Snook Tables and the NIOSH lifting equation, both used to estimate acceptable handling
loads of workers ((Snook et al. 1978); (NIOSH, 1981)). Due to the dominance of
research towards the lifting and lowering aspects of MMH, a limited amount of research
has investigated pushing and pulling tasks, despite it being estimated that nearly half of
MMH tasks in the workplace involved pushing and pulling (Granata, K, P. & Bennett,
C, B, 2005). Furthermore, equipment commonly used by workers during pushing and
pulling loads are often platform trucks, hand trucks, and pallet trucks. The interface
between the worker and the tool, specifically the coupling between the handle and the
worker can be influenced by several factors including handle height, inter-handle
distance, handle size, handle orientation and handle angle, all of which could
significantly impact a worker’s ability to perform the task and potentially increase the
risk of musculoskeletal disorders, and workplace injury, as shown in Figure 1.0. below.

Handle
Orientation*

Overexertion

Manual Material
handling

Pushing and
Pulling Tasks

Weight of Load

Handle Height*

Handle Interface

Handle Grip

Frequency

Handle Angle

Duration

Handle Diameter

Cart Design

Figure 1.1 Factors affecting handle design. Bolded with an asterisk (*) are two of the
most commonly researched aspect of handle design researched independently.
Handle design has been found to vary a worker’s overall capacity to push an
object as much as 9.5% (Lin, McGorry, & Chang, 2011). Furthermore, certain handle
designs allowed for 6.7% more pushing output, while other handle designs resulted in
2.8% less (Lin, McGorry, & Chang, 2011). If greater amounts of force are required to
push a load, it may lead to the early onset of fatigue and discomfort for a worker. This is
most commonly linked to the issue of overexertion which is defined as to exert (oneself)
too much (Overexert, n.d.). Moreover, overexertion has been recorded as the second
leading injury experienced by workers across Canada (Billette, J., & Janz, T., 2015), and
approximately 20% of all overexertion injuries have been associated with pushing and
pulling tasks (NIOSH, 1981). Hence, the handle design of a handled object involved in
pushing tasks can attribute to an increased amount of impact on workers.
Injuries in the workplace can disrupt a workers’ health and their workplace.
From 2012 to 2016 there has been a steady incline of injuries and claims within New
Brunswick, predominantly involving workers based in industries and occupations that
require considerably high amounts of manual material handling. Out of all of the claims
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made in 2016, regardless of the industry, 88 million dollars' worth of claims were
assessed as sprains, strains, and other associated pain (WorkSafeNB, 2018). More
specifically, depending on the intensity of the pushing task, as the force required can
increase the risk of musculoskeletal injuries in a worker's knees, shoulders, and lower
back (Malchaire, J, B., Cock, N, A., Robert, A, R., 1996). Research further reinforces
the findings surrounding back pain among workers as previous studies have shown
approximately 9–18% of all low-back injuries are associated with pushing and pulling
related tasks (Snook, 1978; Frymoyer et al., 1980; NIOSH, 1981; Damkot et al., 1984;
Klein et al., 1984; Metzler, 1985; Harber et al., 1987; Pope, 1989; Lee et al., 1992; Garg
and Moore, 1992; Meyers et al., 1993.) Even though musculoskeletal disorders (strains,
sprains, etc.) are common in the workplace, overexertion/strenuous movement has been
recorded as one of the leading injuries experienced by workers in Canada (Billette &
Janz, 2015). Moreover, injuries associated with overexertion resulted in 94,892 lost-time
claims in the year 2016 across Canada (Association of Workers' Compensation Boards
of Canada, 2016). It was previously reported that overexertion due to lifting, pushing,
pulling, and carrying objects accounts for approximately 27% of all compensable
industrial injury and illness in the United States (Chaffin, D, B., 1979), with similar
findings decades later in Canada (Billette & Janz, 2015).
With the estimation being that 50% of all MMH tasks performed require pushing
and/or pulling (Baril-Gingras and Lortie, 1995), this percentage is only increasing as
lifting and lowering tasks are being replaced with pushing and pulling tasks (Resnick
and Chaffin, 1995; Al- Eisawi et al., 1999a; Laursen and Schibye, 2002; Kingma et al.,
2003; Ciriello, 2004; Jung et al., 2005) While this statistic does not specify that these
tasks are exclusively done with carts, the majority of these tasks would likely involve the
3

use of a cart as the frequency of their use is becoming more common. For instance, 80%
of carts pushed by workers occur more than once per day, and 30% are pushed more
than 10 times per day (Mack et al., 1995), meaning that the reliability of the Snook
Tables may come into question due to their maximal load estimated for workers to
push/pull is limited to one push of 2.1 meters, every 8 hours (Snook et al. 1978).
Furthermore, the Snook Tables remain limited with the handle design concerning handle
height and handle orientation, therefore, it is critical to investigate the design of the cart
during pushing tasks and the risks associated with varying designs worker may be
operating.
Handle orientation has been shown to have an impact on a worker's performance,
however, the literature has been mixed to date. For instance, Mogk & Keir (2003) found
that a person’s grip strength was lower when the forearm was pronated (using a
horizontal handle) than when the forearm was in a neutral position (using a vertical
handle). This study went on to conclude that a pronated forearm limits the grip force
capacity for the worker and, in turn, their total pushing strength capacity (Mogk & Keir
(2003). Contrary to those findings, a similar study proposed that a semi-pronated and
horizontal handle orientation produced greater pushing capacities than vertically
oriented handles; however, after further investigation, researchers have recommended
that when a semi-pronated handle could not be used, that a vertical handle orientation be
considered as the alternative option (Lin, et al., 2011). An earlier study also suggested
that semi-pronated handle orientations required lower forces to complete a pushing task
than a horizontal handle orientation (Okunribido & Haslegrave, 2008). Therefore, the
force required for pushing tasks could affect worker health as the strength requirements
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of the tasks subsequently increase. Thus, further research is needed to find a definitive
solution in terms of handle orientation to evaluate current practices.
Another commonly researched aspect of handle design is the issue of handle
height also demonstrating mixed findings among researchers. For instance, researchers
discovered that when a worker was pushing at their shoulder height that they may be at a
higher risk of a low-back injury than if they were pushing at their hip height (Lee,
Hoozemans, & Dieën, 2011). This significant change in risk was linked to the lower
trunk stiﬀness and more substantial involuntary trunk motion after the onset of cart
movement with the shoulder handle height (Lee, Hoozemans, & Dieën, 2011). Contrary
to those previous findings, when pushing a heavier cart, lower forces were applied by
the worker when a higher handle height was used (Al-Eisawi, Kerk, Congleton,
Amendola, Jenkins & Gaines, 1999). Handle height causing lower force production from
the worker, may attribute to lower muscle activation during the task, thus lowering the
potential impact of overexertion. Furthermore, Martin and Chaffin (1972) found that
handle heights between 50 and 90 cm allowed for the maximum pushing capability of a
worker, however, the Canadian Center of Occupational Health and Safety suggests a
handle should be used at a height between 91 cm and 112 cm above the floor (Canadian
Centre for Occupational Health, 2018). In summary, since handle height research has
repeatedly shown inconsistencies, this may then affect design recommendations of
platform carts.
On average a female’s entire body strength is approximately 55% of male
strength (Laubach, 1969). Considering that overexertion is a likely result of manual
handling tasks (Association of Workers' Compensation Boards of Canada, 2016), female
workers may be at a higher risk of an injury solely due to their physiological limitations.
5

Considering a potential 9.5% variance of a worker’s pushing capabilities when using
different handle designs (Lin et al., 2011), an optimal handle would maximize a female’s
strength when pushing. Current guidelines for MMH do account for this discrepancy
between males and females’ physical strength, as the Snook Tables were designed to
address males and females separately (Snook et al. 1978). The Snook Tables recommend
that females pushing loads must handle lower loads than males. For example, the
heaviest load recommended for males to push and sustain is 56 kg, while the
recommended maximal load for females is 42kg (Snook et al. 1991). Furthermore, it is
worth mentioning that the previously mentioned weight limits (kg) are suggested to only
be repeated as a single push of 2.1 meters every 8 hours based on the Snook Tables
(Snook et al. 1991). However, within most industries that 80% of the carts workers are
using are pushed more than once per day, and 30% are pushed more than 10 times per
day (Mack et al., 1995), does not allow workers to push larger loads throughout their
shift, which may, in turn, lead to overexertion over time. Thus, these limitations
associated with the Snook Tables deems further investigation regarding pushing tasks
using modern-aged equipment.
In addition to the forces applied on the handles, analyzing the muscle activity of
varying muscle groups during pushing tasks is critical. Understanding muscle
contributions can provide information regarding musculoskeletal health, including
overexertion, sprains, and strains. Electromyography (EMG) is a commonly used noninvasive practice that measures the electrical activity generated from muscle contraction
and provides researchers with objective information about the timing and relative
intensity of muscle activity. Surface EMG (sEMG) involves monopolar or bipolar
surface electrodes placed over the belly of the muscle of interest to observe its activity.
6

The muscle activity captured by EMG electrodes provides important information
regarding the muscle’s neuromuscular activity resulting from the action potentials of the
activated muscle fibres (Enoka, R. M., 2002). The frequency and amplitude of these
action’s potentials firing allow for ergonomists to determine both the requirement and
potential limitations of job-related tasks caused by increasing levels of muscle activity
which may lead to fatigue or injury. Nevertheless. sEMG can be affected by many
anatomical, physiological and geometric factors, as well as no clear relationship between
sEMG and force can be defined except in particular conditions that are more dynamic
and alter in variability (Merletti, R., & Farina, D, 2016). Other limitations associated
with sEMG is that it is only able to detect superficial muscles, provide information
regarding a limited volume of the muscle, dependant on the electrode configuration,
crosstalk and amplitude cancellation.
Multichannel sEMG also known as High-Density EMG (HDEMG), incorporates
the use of multiple, closely spaced electrodes to obtain spatial information from
contracting muscles. Using these larger two-dimensional electrode arrays to collect large
amounts of information from a muscle or muscle group allows researchers to examine a
greater area of the muscle and extract further information regarding muscle behavior
(Drost et al., 2006). The data from HDEMG can be used to create topographical
intensity maps generated from the root mean square (RMS) values for each electrode
location representing the varying intensities of muscle activity (Daley et al., 2010;
Losier et al., 2008; Samani et al., 2010; Zhou et al., 2005). Considering that pushing
tasks result in a higher risk of low-back injury (Lee et al., 2011), the use of HDEMG
could effectively map the level of intensity experienced by the worker from the
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combination of muscles in the low back. Therefore, the use of HDEMG could provide
greater insight regarding muscle activity and behaviour.
The purpose of this research then is to examine the effects of handle design on
trunk muscle activity and hand force when pushing a platform truck. Identifying the
level of muscle activity and force involved with pushing tasks and the multiple
combinations of handle designs is essential for developing better work protocols,
training and most importantly a better-designed handle that promotes the optimal
performance of the worker and their safety. Therefore, the proposed research aim is to:
•

To determine if there are significant differences in the muscle activity of the
trunk muscles between different handle design combinations including various
handle orientations (vertical, semi pronated, horizontal), and handle heights (hip
and shoulder) during pushing tasks.

Hypotheses:
1. There will be a significant difference of the trunk muscles (erector spinae, rectus
abdominis, and oblique’s) activity variables as measured by high-density EMG
between the six different handle designs during the initiation of the push.
2. There will be a significant difference of the hand force as collected by the force
transducers of the handles during the pushing tasks and will differ between the
six different handle designs during the initiation of the push.
3. There will be a significant difference of the trunk muscles (erector spinae, rectus
abdominis, and oblique’s) activity variables as measured by high-density EMG
between the six different handle designs during the peak of the push.
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4. There will be a significant difference of the hand force as collected by the force
transducers of the handles during the pushing tasks and will differ between the
six different handle designs during the peak of the push.

9

2.0 Literature Review
2.1 Manual material handling and Workplace Injury
Preventing the risks associated with MMH relies heavily on effectively
identifying high-risk tasks that involve high levels of physical exertion and/or cause the
worker a higher level of discomfort. For instance, WorkSafe NB suggests that forceful
exertions (weight of objects, pushing/pulling force, carrying distance), awkward posture
(angle of body joints, workstation dimensions, working height), and repetitive motion
(number of repetitions, duration, production rate) as the most prominent risk factors
involved with MMH, that will eventually lead to workplace injuries. Out of the three
previously mentioned risk factors to MMH, overexertion or forceful exertions due to
lifting, pushing, pulling, and carrying objects have previously accounted for
approximately 27% of all compensable industrial injury and illness in the United States
(Chaffin, D, B., 1979). More recently, in 2015, the United States Labour Board, found
overexertion to be the leading event or exposure resulting in occupational injuries or
illnesses, which accounted for 33% of all cases submitted to the Labour Board (US
Department of Labour, 2016).
Overexertion has been recorded as the second leading injury experienced by
workers across Canada (Billette, J., & Janz, T., 2015). More specifically,
overexertion/strenuous movement and falls accounted for 49% of all occupational
injuries reported to the Canadian community health survey (CCHS) (Mackenzie, S. G.,
& Wilkins, K., 2014). Furthermore, the same CCHS found that physical exertion
resulted in a higher risk of injury for female workers than compared to male workers.
(Mackenzie, S. G., & Wilkins, K., 2014). Interestingly, overexertion injuries were nearly
twice as frequent for working-age adults (27%) than in seniors (14%) and adolescents

(15%) (Billette, J., & Janz, T., 2015). Given that overexertion is a precursor to
musculoskeletal disorders, it is critical to include sprains as strains as a potential
outcome caused by overexertion. In 2016, 88 million dollars' worth of claims were
assessed as sprains, strains, and other associated pain within New Brunswick based on
the accumulation of all industries in the province (WorkSafeNB, 2018). Overall, these
figures have continued to climb since the year 2012, without any intervention.
Therefore, it is inevitable that workers will continue to be injured and the costs related to
injury will increase if no effort to change is present.

2.2 Pushing tasks
It is estimated that 50% of all manual material handling tasks performed by
workers involve pushing and/or pulling (Baril-Gingras and Lortie, 1995) and that this
percentage is only increasing due to lifting and lowering tasks more commonly being
replaced with pushing and pulling tasks (Resnick and Chaffin, 1995; Al- Eisawi et al.,
1999a; Laursen and Schibye, 2002; Kingma et al., 2003; Ciriello, 2004; Jung et al.,
2005). This is significant as it has been shown by Mack et al., (1995), that 80% of the
carts currently used by workers are pushed more than once per day, and 30% are pushed
more than 10 times per day. This suggests that the recommended load limits from the
Snook Tables may not be appropriate for determining limits for pushing/pulling.
Nonetheless, previous MMH research has mainly focused on lifting and lowering tasks
in part because of the development of the Snook tables and the NIOSH lifting equation,
both used to estimate acceptable handling loads by workers. Due to the dominance of
research towards the lifting and lowering aspects of MMH, a minimal amount of
research has investigated pushing and pulling tasks, despite accounting for nearly half of
11

all MMH tasks in the workforce (Granata, K, P. & Bennett, C, B, 2005). Therefore, there
is a need to examine the effects of pushing tasks on recommended limits.
Depending on the pushing and pulling tasks intensity and how much muscle
recruitment is required to complete the task, could also increase the risk of a
musculoskeletal injuries of a worker's knees, shoulders, and their low back (Malchaire,
J, B., Cock, N, A., Robert, A, R., 1996). Moreover, previous studies have shown that
approximately 9–18% of all low-back injuries are associated with pushing and pulling
based tasks (Snook, 1978; Frymoyer et al., 1980; NIOSH, 1981; Damkot et al., 1984;
Klein et al., 1984; Metzler, 1985; Harber et al., 1987; Pope, 1989; Lee et al., 1992; Garg
and Moore, 1992; Meyers et al., 1993). Considering the strong relationship between
overexertion and multiple types of injuries it can cause, it is critical to investigate
pushing and pulling tasks that could be innovated to decrease the risk for a worker
experiencing an injury. Considering that tasks involving pushing are only increasing in
frequency, the risk of potential injury will increase if no changes are implemented.
Therefore, multiple factors must be considered when observing the contributing
influences associated with pushing and pulling tasks.
One of the most prominent ergonomic interventions used for reducing
musculoskeletal disorders caused by pushing and pulling tasks has been the Snook
Tables (Giahi, O., Sarabi, M., Khoubi, J., Darvishi, E., 2014) The Snook Tables are
based on psychophysical measurements rather than from a biomechanical perspective
and apply to more workplace tasks than that of the NIOSH lifting equation. In 1991,
Snook and Ciriello revised the tables with further research, but since then there has been
no change. While the Snook Tables remain a popular tool for ergonomists, its limitations
question its accuracy. For instance, all Snook Table recommendations are only available
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for certain combinations of frequency and distances, thus restricting the variability of
tasks. Moreover, many of these recommendations are not an accurate representative
since they range from pushing a single load every few seconds to once every 8 hours.
Furthermore, the suggested pushing and pulling forces were designed using
psychophysics testing which is considered subjective testing, (Garga, A, Waters, T,
Kapellusch, J & Karwowski. W., 2014), as participants self-determined his or her
maximum pushing and pulling initial and sustained forces that they would consider
would lead to an adverse health outcome (Pascual, S, A., et al., 2008). Therefore,
objective data was not used to create these tables, which may, in turn, lead to inexact
recommendations. While the Snook Tables did account for various handle heights it did
not account for additional aspects of handle design such as handle orientation. Hence,
these standards for MMH in the workplace may be based on a one-dimensional
perspective of handle design that could promote overexertion. However, it is important
to note that the recommendations of Snook and Ciriello (1991) for pushing and pulling
forces are still valid and provide reasonable recommendations (Garga, A, et al., 2014)
and are routinely used in ergonomics.

2.3 Physical strength in terms of pushing tasks
Depending on the design of a cart used in MMH, it has been found that a
worker’s overall capacity to push an object can vary as much as 9.5% (Lin, McGorry, &
Chang, 2011). The type of cart used in the workplace could result in a decrease of a
worker’s overall ability to complete the task safely. If a worker must increase their
pushing output based on the handle’s design, they will require a greater amount muscle
strength to complete the task, and if they are not able to maintain these physical
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demands of the task, they will be at risk of overexerting and potentially injuring
themselves. Therefore, workers having weaker muscle strength could be the most
vulnerable to injury. Depending on the strength requirements of the task, females may
have greater difficulty responding to greater push/pull requirements. For example,
previous studies measuring the maximal force in which males and females could
produce during a single dynamic motion, showed that women had markedly less upper
body force when compared to men ((Bishop, Cureton, Collins, 1987); (Hoffman,
Stauffer, Jackson, 1979); (Hosler, & Morrow, 1982); Wilmore, J, H. (1974); (Wilmore,
Parr, Girandola, Ward, Vodak, Barstow, Pipes, Romero, Leslie, 1978). Likewise, the
average female strength when considering the entire body is approximately 55% of a
male’s strength (Laubach, 1969). Finally, a study by Janssen, Heymsfeild, Wang, &
Ross (2000) discovered that women had 40% less muscle than men in the upper body
and 33% less muscle than men in the lower body. Given that overexertion is a common
issue for workers in Canada, it is possible then that this demographic of workers are at a
higher risk of an injury solely due to their sex and the task involved. Understanding the
physical strength differences among male and female workers is vital when considering
overexertion and push/pull recommendations, as those with less muscle mass, strength
and physical capacity will increase the early onset of fatigue and increased the risk of
overexerting themselves. Since the task of pushing involves the whole body it is
important to be cognizant of the previously mentioned studies and their findings of
various muscle groups between men and women. Thus, it is imperative to investigate
female workers when pushing heavy loads, as well as exploring if a cart handle design
can decrease their increased risk of experiencing overexertion.
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2.4 Measurements of Strength
A common method for researchers to quantify an individual’s overall strength is
by conducting a grip-strength test (kg). A study by Mogk & Keir (2003) found that the
‘baseline’ extensor muscle activity (associated with holding the dynamometer without
exerting grip force) was greatest with the forearm pronated and the wrist extended, while
flexor activity was largest in supination when the wrist was flexed. Extensor activity was
also generally larger than that of flexors during low to mid-range target force levels and
was always greater when the forearm was pronated (Mogk & Keir, 2003). Also, forearm
rotation affected grip force generation only when the wrist was flexed, with force
decreasing from supination to pronation. These conclusions can serve to then provide
some initial insight into how much forearm and arm strength could be affected based on
simply the orientation in which you are testing a participant’s grip strength. This was
noted by the same study which found that a flexed wrist was found to have reduced the
maximum grip force by 40 – 50%, but the EMG amplitude remained elevated (Mogk &
Keir, 2003).
Over time grip strength norms/reference values have become a trusted estimate
of a person’s overall strength clinically (Bohannon, R, W. (2015). Statistics Canada grip
strength has provided reference values for Canadians aged 6 to 79, Canadian Health
Measures Survey, 2007 to 2013 report, the average males’ maximum grip strength
42.8kg, while the average females were 26.2 kg (Wong, 2016). Within the literature, this
was consistent as women produced 60 – 65% of the grip strength of men and required 5
– 10% more of both relative force and extensor activation to produce a grip strength
values upwards of 50 Newtons (Mogk & Keir, 2003). However, it must be noted that the
individual ranges of a person's strength will vary. Meaning that some women could
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safely handle greater loads than some men. Nonetheless, using grip strength as a
predictor of overall physical strength may be an effective way to evaluate workers who
may be at a greater risk of overexerting themselves during pushing tasks.
Likewise, grip strength measurements can offer employers further insight into
the condition of their workers and who may be more susceptive to injury. For instance, a
worker having a medical condition, such as carpal tunnel syndrome and arthritis, will
affect their overall grip strength, and thus impact the coupling between them and handles
(Litchfield, R, E, 2013). Nonetheless, there have been reported disadvantages of using
hand dynamometers for estimating grip strength and overall strength. Much of the
criticism is based on studies that provide insufficient information on the protocol of
using the hand dynamometer which then makes comparisons difficult to make (Roberts,
Denison, Martin, Patel, Syddall, Cooper, & Sayer, 2011). Furthermore, there is evidence
that researchers' variation in methodology can affect the values recorded for grip
strength, and thus the validity of the values collected is in jeopardy (Roberts, et al.,
2011). Likewise, reported summary measures of grip strength do vary widely including
whether researchers report maximum or mean value, from one, two or three attempts,
with either hand or the dominant hand alone. Meaning that the values we compare our
collected grip strength values should be only compared with that of accurate and reliable
studies with specific methodology and data analysis of handgrip strength values.
2.5 Measurements used to examine handle design
Various ergonomic approaches have been used to assess the amount of force and
muscle requirement required during pushing tasks in MMH. Previous methods include
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ergonomic tools such as force transducers, electromyography, questionnaires, RPE
scales and surveys.
2.5.1 Force Transducers
Force transducers or other load cells are often placed on the base of handles
during pushing tasks to observe the amount of force required for the task ((Al-Eisawi K.,
Kerk, C., Congleton, J, J., Amendola, A, A., Jenkins, O., & Gaines, W, G., 1999);
(Boocock, M, G., Haslam, R, A., Lemon, P., & Thorpe, S., 2006); (Chow, A, Y., &
Dickerson, C, R., 2016); (Seo, N, J., Armstrong, T, J., & Young, J, G., 2010); (Seo, N,
J., Armstrong, T, J., (2009)). For instance, Kumar, S. (1995) investigated participant’s
push-pull strengths using a load cell embedded within the handle. That particular
researchers’ findings concluded that the medium handle height (100 cm) allowed
subjects to generate maximal strength. However, force transducers may not accurately
explain what is happening with the individual on a muscular level as compared to EMG,
as force transducers measure the overall net force and not individual muscle
contributions, like EMG. For example, Okunribido et al., (2008) study which only used
force transducers to analyze handle design acknowledged that doing so hindered their
findings as they were not able to estimate how internal muscle activity during exertions
to external objects.
Within ergonomic research, the measurement of the forces applied by the fingers
and hand have allowed for insightful information, without interfering with manual
dexterity or range of motion of the participant (Hall, Desmoulin, & Milner, 2008). Both
tools and equipment that force is applied to can cause poorly distributed forces applied
by the worker, and therefore increase the risk of injury. A common method used within
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ergonomic research in terms of hand forces is to investigate the distribution of contact
forces on hands. During manual tasks, it has been found that the distribution of forces is
not uniform across the surface of the hand and therefore could cause challenges for the
worker overtime (Medola, Silva, Fortulan, Elui, & Paschoarelli, 2014). While research
involving force transducers in handles remains limited, due to the ease of its
measurement and control with a high degree of accuracy and repeatability in a
laboratory setting, using force transducers may provide meaningful insight for this study
(Welcome, Rakheja, Dong, Wu, & Schopper, 2004).

2.5.2 Surface Electromyography
EMG provides insight into a muscles’ neuromuscular activity by examining the
action potentials within the activated muscles’ fibres (Enoka, R, M., 2002). The
frequency and amplitude of the action potentials firing on the muscular level allow for
ergonomists to determine both the requirement and potential limitations of job-related
tasks (Merletti, R., & Farina, D, 2016). EMG can be used to quantify the amount of
muscle activation response required to measure the overall intensity of the task, hand
forces and other variables including the mass of the handled object and its handle
configuration.
The two primary methods of collecting EMG signals are embedded needle and
surface (skin) EMG. Needle EMG is a more invasive technique that involves the use of a
needle embedded into a particular muscle to analyze a single motor unit, whereas,
surface EMG allows researchers to observe the action potentials of a muscle belly from
electrodes being placed on the surface of the skin. The advantages of using a surface
EMG system are applicable for the proposed research due to its increased mobility,
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minimal training required to use and wireless capabilities. Furthermore, surface EMG is
non-invasive making it optimal for more dynamic based testing and a preferred method
to examine muscle activity in a more industrial setting. Caution, however, should be
exercised with interpreting the EMG signal as it is a gross measure of muscle activity as
there is more consistency under isometric conditions where the joint angle remains
consistent.
Surface EMG typically involves the use of pre-gelled bipolar electrodes with
concentric connector surface electrodes placed in a bipolar fashion over the belly of the
muscle of interest. Surface EMG is often seen as a tool to help study muscle fatigue
extensively and has proved to find a correlation between the development of muscle
fatigue, an increase of amplitude and decrease in the characteristic spectral frequencies
of the muscles recorded (Kallenberg, Schulte, Disselhorst-Klug, & Hermens, 2007).
Therefore, the use of EMG is often seen as a reliable tool for estimating muscle activity
and characterizing the moment where an individual is becoming fatigued, potentially
due to overexerting themselves. While the standard surface EMG single-channel bipolar
electrode provides a considerable amount of insight in terms of muscle involvement
during handle design research ((Chow, A, Y., La Delfa, N, J., & Dickerson, C, R.,
2017); (Swangnetr, M., Kaber, D., Phimphasak, C., Namkorn, P., Saenlee, K., Zhu, B.,
& Puntumetakul, R., 2014); (Troiano, A., Naddeo, F., Sosso, E, Camarota, G., Merletti,
R., Mesin, L., 2008)), this method only allows for a one-dimensional signal. Therefore,
when using surface EMG there is the potential that a large proportion of the recorded
action potentials are muscle activity from neighbouring muscles, which are also
contracting during the same movement (Elswijk, Kleine,
Vereem, Eshuis, Hekkert, & Stegeman, 2007). While sEMG electrodes could be placed
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closely together, advancements in data collection allow researchers to use a high number
of monopolar electrodes (up to 400 channels in some cases) to easily collect data from
large surface areas.
2.5.3 High-Density Electromyography
HDEMG involves a multi-channel EMG system that collects amplitude signals
with a grid of electrodes, allowing for a greater surface area of coverage of a muscle
than compared to surface EMG. Furthermore, some research supports HDEMG over
sEMG as the use of a larger array of electrodes improved EMG based force estimation
by approximately 30%, compared to conventional bipolar electrodes (Staudenmann,
Kingma, Stegeman, & Van DieeÅN, 2005). Additionally, Rojas-Mart.nez, et al. (2012),
found that the muscle intensity and spatial distribution of HDEMG maps could be useful
in applications where the identification of movement intention and its strength is needed.
Likewise, significant differences were observed between EMG signal power obtained
from the single bipolar configuration and HD-EMG and better results regarding the
identification of tasks and effort levels were obtained using HDEMG (Rojas-Martínez,
M., Mañanas, M, A., Alonso, J, F., 2012).
The use of a HDEMG grid of electrodes may aid with the limiting collection
array of bipolar electrodes by investigating muscular electrical activity over a much
larger surface area (Merletti, R., Holobar, A., & Farina, D, 2008). Since pushing and
pulling tasks can lead to a higher risk of low-back injury (Lee et al., 2011), the use of
HDEMG could also serve to provide a greater understanding of the lower back during
pushing tasks. The analysis of EMG maps from a HDEMG may provide indirect
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information on the spatial recruitment of motor units within a muscle (Falla and Farina,
2008), thus expanding our perspective on the impacts of handles design.
2.5.4 Electromyography in Ergonomics
In summary, EMG is commonly used in the field of ergonomics and likewise in
terms of handle design research. Table 2.1 summarizes recent research that has used
surface EMG to examine handle design. Of the nine studies found in Table 2.1, three
studies compared handle orientation and three separate studies compared to handle
heights. The other three remaining handle-based studies investigated other aspects of
handle design such and handle diameter, inter handle distance and handle shape.
Limited research has examined the impact of handle design with participants'
muscle activity when using surface EMG. While no studies included newer EMG
techniques such as HDEMG to examine spatial activity which could provide significant
information, one study did investigate the low back (with bipolar sEMG) and were able
to conclude that their findings provided insight to the nature of spine loads and their
potential risk to the low back during exertions involving patient handling (Marras, W. S.,
Knapik, G. G., & Ferguson, S. (2009). The results of this study concluded that a ceilingmounted patient lift systems imposed lower spine forces upon the lumbar spine, whereas
a floor-based patient handling systems had the potential to increase anterior/posterior
shear forces to unacceptable levels during patient handling manoeuvres (Marras, W. S.,
Knapik, G. G., & Ferguson, S. (2009). Furthermore, this research on the low back
concluded that the upper lumbar levels pushing and pulling loads equivalent to 20% of
body weight appeared to be the limit of acceptable exertions. The lack of research
involving techniques such as HDEMG suggests that the use of HDEMG could provide
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greater insight into what is happening in the trunk in terms of muscle intensity during
pushing and pulling tasks.
Additionally, among Table 2.1 it should be noted that the greatest number of
participants studied was 24, and of all nine studies, only three included both males and
females. Therefore, the external validity of pushing and pulling tasks that have
compared various handle designs may be low and may not be accurate for safe
recommendations of designs. Moreover, of the studies that did incorporate both males
and females, only completed statistical analysis that compared strength difference
between the two sex’s and found that females produced only 60 –65% of the grip
strength of men (Mogk, J & Keir, P. (2003), and that females produced higher
normalized muscle activations (i.e., 23% higher across all muscles), and were generally
less efﬁcient than males, as indicated by a sEMG/Force ratio, of approximately 26%
higher values than males across all tasks. (Chow, A, Y., La Delfa, N, J., & Dickerson, C,
R., 2017). While these statistical comparisons were made between the males and
females, the research is limited in the aspect of comparing within-group comparisons
and potential differences within the genders.
Finally, the sample size in general across the nine studies ranged between six to
24, with only three studies comparing males and female in which those sample sizes
consisted of 10 participants (5 Male/5 Female), 20 participants (10 Male/ 10 Female),
and 24 participants (12 male, 12 female). These sample sizes are relatively small among
this small scope of research and larger sample sizes may better represent the population
of MMH workers.
Therefore, it is evident that more research is needed to compare the potential
influence of handle height and handle orientation. In conclusion, based on a lack of
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research investigating handle design involving pushing tasks, Table 2.1 provides an
overview of current research and demonstrates the need to compare multiple handle
designs simultaneously during common workplace tasks.
Table 2.1 Summary of handle design research that has used electromyography in the
experimental protocol.
Authors
Fischer, S.
L., Wells, R.
P., &
Dickerson,
C. R. (2009).

Mogk, J &
Keir, P.
(2003)

Handle
Design
Handle
shapes of
screwdriver
and Dshaped

EMG Variables

Comparing
various arm
postures of
three wrist
postures
(flexed,
neutral and
extended)
and three
forearm
postures
(pronated,
neutral and
supinated)
and its
impacts on
strength
output.

EMG was
normalized to
maximum
voluntary
electrical
activation
(MVE) after the
Removal of
signal bias
(determined from
a ‘quiet’ trial).
Peak EMG
values were
determined
through a series
of trials
including
maximum grip
force with
voluntary
isometric wrist

Emg was fullwave rectified
and dual-pass
filtered using a
low pass fourthorder butterworth
filter with a cutoff frequency of
6 hz (wang et al.
2006) to Produce
linear enveloped
EMG.

Subjects
(n)
21
students

10
participant
s (5 M/5
F)

Protocol

Outcome

Random
conditions
Ranging
from zero to
4 dof using
both a
screwdriver
handle and a’
shaped
handle. Each
testing
condition
was five
Trials lasting
10 s with a
2 min rest
between
conditions
The
maximum
grip force
was
determined
for each
participant
with the
forearm in
mid-prone
(neutral) and
the wrist in a
neutral
posture. Four
relative
target levels
(5%, 50%,
70% and
100%grip
max) and
one absolute

An increase
in rotational
dof
Increased
activity by
0–37%
depending on
the muscle,
except for
fcu, which
decreased in
activity by
25% from
The baseline
condition.

A flexed
wrist reduced
maximum
Grip force by
40 – 50%,
but EMG
amplitude
remained
elevated.
Women
produced
60 –65% of
the grip
strength of
men, and
required 5 –
10% more of
both relative
Force and
extensor
activation to
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extension,
forceful
voluntary wrist
circumduction
and resisted
finger extension.
Muscle activity
11 men
after movement
onset was
compared.
Finally, the EMG
onset times of
bilateral muscle
activity and
EMG offset
times of bilateral
compared
between pushing
at shoulder
height and hip
height.

target Force
of 50 n were
performed.

produce a 50
n grip.

Participants
pushed a cart
over 5m at
hip and
shoulder
height (selfinitiated
condition).
After
Several
reference
trials, the
brakes were
suddenly and
unexpectedly
released.

Lower
muscle
activity and
trunk
stiffness at
shoulder
height
compared
with the hip
height before
the onset
resulted in
higher trunk
inclination
after the
onset.

Participants
were
required
To grasp the
handle with
the right
hand And
pull it down
to a target,
hold this
Position
briefly, then
to return the
handle to its
Starting
position and
release it.
This task
was
Repeated
once every
five seconds
for 2.5
minutes.
Each subject
was asked to
walk on even
and uneven

The data
indicate
muscular
effort
increased
with
Handle in
diameter.
Increased
resistance
also
produced
strongly
Significant
increases in
muscle for
All muscle
groups.

Yun-Ju Lee,
Marco J.M.
Hoozemans
& Jaap H.
Van Dieën
(2011)

Examining
handle
height and
expectation
of cart
movement
affect the
control of
trunk
motion at
the
movement
Onset in
cart pushing

Grant, K. A.,
Habes, D. J.,
& Steward,
L. L. (1992).

Three
handle
diameters
were
studied: (1)
a handle
matched to
inside grip
diameter,
(2) a handle
1.0 cm
smaller
Than inside
grip
diameter,
and (3) a
handle 1.0
cm larger
than inside
grip
diameter.

Electrodes
positioned over
the flexor
pollicis
Longus, flexor
digitorum
superficialis and
extensor
Digitorum
muscles. A highpass filter with a
cut-off frequency
Of 20 Hz was
used to remove
low-frequency
noise from the
EMG signals.
Root mean
square (RMS)
values were
calculated using
an 11.75 ms time
Constant.

16 Males

Swangnetr,
M., Kaber,
D.,
Phimphasak,

Using a
tiller
equipped
with

Electromyograph
y (EMG) was
performed on the
right flexor

24 male
farmers

An analysis
of variance
on the EMG
response
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C., Namkorn,
P., Saenlee,
K., Zhu, B.,
&
Puntumetaku
l, R., (2014)

conventiona
l horizontal
and
proposed
vertical
handles.

Siddharth
Bhardwaj &
Abid Ali
Khan

Seven
diﬀerent
handle
combination
s were
tested over
two routing
tasks
(beading
and dado)
with
inclinations
of 30, 60
and 90
degrees

digitorum
superficialis,
extensor
digitorum and
triceps brachii
muscles to
quantify activity
levels of the
Right-arm
muscles during
simulated
plowing. The
rectified EMG
signals were
normalized based
on the
Maximum EMG
response during
test trials.
Concerning
10
perceived
Students
discomfort,
EMG of biceps
brachii and
extensor carpi
radialis brevis
were compared.
The signals were
band-pass
ﬁltered between
20 and 500 Hz
(Butterworth's
second-order).
The sampling
rate of 1000 Hz.
For reference, an
earthing
electrode was
tied to the wrist
of the participant
to reduce highfrequency direct
current (DC)
noise from the
EMG signal.

‘ground’
while
pushing the
simulated
tiller using
the different
handle types.

measures
revealed a
significant
treatment
effect for the
extensor
digitorum
and triceps.

two routing
operations
were
performed in
the
experiment:
(a) beading
(edge
routing); (b)
dado (face
routing).
Seven
combinations
of handles
were tested
over two
routing tasks,
i.e., beading
and dado.
After this,
the
participant
was asked to
perform the
required
routing task
for 30 s for
each
experimental
condition

Perceived
discomfort in
the dado task
was found to
be
signiﬁcantly
higher than
in the
beading task
(p <0.001);
EMG
activity also
supported
this
observation.
However,
EMG data
showed no
signiﬁcant
diﬀerence for
the diﬀerent
handles used
in the stud
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Ohnishi, A.,
Takanokura,
M., Sugama,
A. (2016).

interhandle
distances
(40 cm, 60
cm, and 80
cm)

Surface
electromyograph
y
(EMG) was
applied
bilaterally on the
biceps
brachii, triceps
brachii and
anterior deltoid.
EMG data were
analyzed from
two points of
view: the time
series and the
amount of
muscular
activity. For the
former, we
rectified and
smoothed the
raw data using
the moving
average method
at 2 Hz.

6 males

push and pull
an RBP at a
distance of
5.2 m
under six
conditions
correspondin
g to different
interhandle
distances (40
cm, 60 cm,
and 80 cm)
and
weights (130
kg and 250
kg).

The
normalized
EMG
data revealed
that muscular
activity
became
smaller with
a narrow
interhandle
distance in
shoulder
extensor.

Chow, A, Y.,
La Delfa, N,
J., &
Dickerson,
C, R. (2017)

The exertion
direction
(push and
pull), handle
height (100
cm and 150
cm) and
handle
orientation
(vertical and
horizontal

Raw EMG data
were ﬁltered
using a 2ndorder high pass
Butterworth ﬁlter
with a cutoff
frequency of 30
Hz to remove
heart muscle
electrical activity
(Drake &
Callaghan,
2006). The data
were then linear
enveloped (fullwave rectiﬁed
and ﬁltered using
a single pass
2nd-order low
pass Butterworth
ﬁlter with a 3 Hz
cutoff
frequency). The
steady-state part
of all trials (i.e.,

Twentyfour (12
male, 12
female)
right-hand
dominant
volunteers
were
recruited
from a
university
population

Three
independent
variables: (1)
exertion
direction
(anteriorposterior
push and
pull); (2)
handle
height (100
cm and 150
cm); and (3)
handle
orientation
(horizontal
and vertical).
Participants
produced a
maximum
voluntary
force (MVF)
by grasping
the handles
manually

For the
muscles
studied,
pushing
resulted in
nearly twice
(»1.82£) the
muscle
activation
than pulling.
The largest
difference
between
heights
existed
bilaterally
for the
pectoralis
major, with
pushing at
100 cm
resulting in
approximatel
y twice the
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2nd to the 5th
second of the
MVIC) was
analyzed to
minimize tremor,
motion dynamics
or inertial effects
(Chafﬁn, 1975).

Marras, W.
S., Knapik,
G. G., &
Ferguson, S.
(2009).

Handle
heights of
(50%, 65%
and 80% of
the subject
stature)

Bipolar surface
electrodes were
placed over the
10
trunk muscles
EMG data were
collected at a
1000 Hz
frequency. The
signal was highpass filtered at
30 Hz, low-pass
filtered at 500 Hz
and notch
filtered at 60 Hz
in the hardware.
The EMG data
were rectified,
averaged using a
40 ms sliding
window filter
and then
normalized
relative to values
collected during
maximum
voluntary
contractions
(MVCs).

10 males,
10 females

and
gradually
building up
to maximum
force, then
holding it for
6 seconds.
Each
condition
was
repeated,
yielding 16
MVFs, and
exertions
were
conducted in
random
order.
Two types of
horizontal
exertion
activities
(pushing and
pulling),
three handle
heights
(50%, 65%
and 80% of
the subject
stature) and
three handle
force levels
(20%, 30%
and
40% of
subject body
weight)
served as the
independent
variables,
which
yielded 18
combinations
of exertions

EMG
amplitude.

at the
upper lumbar
levels.
Pushing and
pulling loads
equivalent to
20% of body
weight
appeared to
be the limit
of
acceptable
exertions.

2.5.5 Subjective Questionnaires
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Previous research has not commonly used surveys, scales or questionnaires for
evaluating handle design, however, such scales can provide additional information and
serve as an individualized method of collecting a form of qualitative data based on the
worker's preference of handle design and comfort. Unfortunately, questionnaires/surveys
can be misleading or unclear for participants involved. For instance, a study done by
Ohnishi, et al. (2016), designed a subjective evaluation of operability by using a fivepoint scale based on evaluating the “operability” of the handle design of various
interhandle distances. After each trial, participants completed a subjective evaluation of
the level of “operability” when pushing and pulling the cart. The five-point Likert scale
used classified “1” as very difficult to operate; “2” as difficult to operate; “3” as neutral;
“4” as easy to operate; and “5” as very easy to operate. Furthermore, the operability was
defined as “an easily applicable upper limb force to the handles in this study” (Ohnishi,
et al., 2016). This definition of operability may still be unreliable due to the participant's
various interpretations of the definition. Likewise, the evaluation did not allow
participants to inform researchers on how they were physically responding to the design
of the different handle during the task. Other methods of gathering subjective rating
methods among research are the Borgs Scale (Troiano, A., Naddeo, F., Sosso, E,
Camarota, G., Merletti, R., Mesin, L., 2008). Scores from the Borgs Scale corresponds
with scores ranging between 5-20 of how a person is feeling (5 being no exertion at all,
20 being maximal exertion) and is seen as both a reliable and valid form of collecting
subjective information.
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2.6 Industrial Carts used with MMH pushing tasks
Hand trucks (including carts and dollies) are often noted as the simplest yet most
common type of industrial truck. Most hand trucks, or more commonly referred to as a
“cart” or “platform trucks”, and typically are designed to include four or more wheels
and horizontal handles for pushing.

Figure. 2.1 Example from the Wesco Industrial Products Catalogue (2017) of a
commonly purchased yet basic platform cart. The dimensions of this particular cart are
76.2 cm wide by 121.92 cm long.
Workplaces typically opt for platform trucks as they can move materials over
variable (horizontal) paths with no restrictions on the area covered (i.e., unrestricted
area), when there is insufficient flow volume hence the use of a conveyor cannot be
justified and providing greater flexibility in movement than conveyors and cranes
(Darcour & Ergoweb, 2001). Platform trucks are predominantly manufactured having
horizontal handle orientations and are less likely seen using vertical handle orientations
((Canadian Centre for Occupational Health & Safety, 2018) (B); (Darcour & Ergoweb,
2001)), while having fluctuating handle heights between 81.28 cm to 104.14 cm (Wesco
Industrial Products, 2017).
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Likewise, workers using platform trucks are also required to overcome any
forces that resist the pushing motion, which will increase as the load required to push.
To generate and apply enough force to push a platform cart, a worker must have
adequate friction/traction at their feet, be able to generate adequate strength for the tasks
and apply their force to the equipment, through their hands effectively (Darcour &
Ergoweb, 2001).

2.7 Handle design and MMH
Since overexertion results are a prominent cause of workplace injuries during
pushing and pulling tasks, it is important to investigate methods in which those risks can
be minimized to complete the task. As a result, researchers have been experimenting
with multiple methods to innovate the cart involved in the MMH tasks of pushing heavy
loads. Given that 28% of work injuries impact workers' hands (Mackenzie, S. G., &
Wilkins, K., 2014), the interface between the worker and the tool, specifically the
coupling between the handle and the worker could have a significant impact involving
workers risk of injury. Research exploring MMH pushing tasks found that handle design
could vary a worker’s overall capacity to push an object as much as 9.5% (Lin,
McGorry, & Chang, 2011). Furthermore, certain handle designs allowed for 6.7% more
pushing output, while other handle designs resulted in 2.8% less (Lin, McGorry, &
Chang, 2011). Subsequently, if a worker’s push/pull output is not maximized through
the interface of the handle, then this may lead to the early onset of fatigue and the
increased risk of a worker overexerting. Therefore, understanding the role of handle
design and its relationship with a worker may then provide insight into the innovation of
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engineered design of handles to optimize a worker’s force
production, while decreasing their risk of overexertion.
Considering that effective handle design has the opportunity to improve a
worker’s performance, an effective handle design involves multiple confounding
variables such as handle orientation handle height, inter-handle distance, tilt angle.
Considering the multiple approaches to the effective design of a handle involved in
pushing tasks, much of the research has typically only investigated one factor at a time.
Of all of the factors of a handles design, the two most commonly researched aspects are
handle height and handle orientation but the research investigating these two aspects and
its impacts on a worker’s body varies. Likewise, overall platform cart design has not
changed based on the evolution of the workplace or the nature of the loads we being
pushed today.

2.8 Handle orientation for pushing tasks
Previous research regarding handle orientation reported that a person's grip
strength was lower when the forearm was pronated (using a horizontal handle) than
when the forearm was in a neutral position (using a vertical handle) (Mogk & Keir,
2003). That study concluded that the pronated forearm limited the grip force capacity for
the worker and in turn, their total pushing strength capacity. Similar studies comparing
handle orientations proposed that semi pronated, and horizontal handle orientations
produced greater pushing capacities than the vertically oriented handles; however, after
future investigation researchers recommended that if a semi-pronated handle could not
be used, and that a vertical handle orientation should be considered (Lin et al., 2011). An
earlier study found that lower forces were applied during whole-body pushing task
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exertions when using the horizontal handles, which, in turn, may maximize the worker's
performance during the task (Okunribido et al., 2008).
Given that most handle design for pushing tasks typically involve a horizontal
handlebar (Wesco Industrial Products, 2017), one study (Jansen, Hoozemans, & Allard
(2002)) found that the less commonly seen vertical push bar resulted in significantly
lower values of pushing force when compared to the horizontal push bar. However, a
study by Toner et al. (2018), found that vertical handles produced significantly larger
handle forces which than correlated with higher muscle activation seen by EMG, than
both the semi-pronated and horizontal handles when pushing a four-child daycare
stroller. This study concluded that after comparing the forces of the handles and the
muscle activation of the upper limb that semi-pronated handles were the most efficient
for workers pushing 4-child strollers, as it involved the lowest applied handle forces and
the least muscle activation which would then decrease the risk of overexertion (Toner et
al., 2018). A potential decrease in the risk of overexertion may be possible when less
muscle activation is observed through electromyography, as a worker's muscles will not
be working as much to complete the same task when using a different handle orientation.
Overall, all of the previously mentioned studies highlight the inconsistencies
among researchers’ findings in terms of handle orientation, which consequently, hinder
research from establishing improved and potentially adjustable guidelines for handle
design that limits the risks of injury and overexertion. Therefore, it is important to
compare between the three most common studied handle orientations (horizontal, semiprotonated, and vertical handles) to provide appropriate recommendations regarding
orientation that will minimize the risk of injury towards the worker, while requiring
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minimal muscle activation while completing the task. Considering previous research
regarding handle orientation limitations include:
•

Mixed results on an optimal handle orientation.

•

Lacking in consideration of the impact of overexertion on the force.

•

Limited studies of examining muscle behaviour during the use of different
orientations.

•

Limited research is observing handle orientation and turning.

2.9 Handle height for pushing tasks
It is suggested by the Canadian Centre for Occupation Health and Safety
(CCOHS) that the handle height of horizontal handles should be at a height between 91
cm and 112 cm above the floor and that vertical handles may vary as it allows a worker
to place hands at comfortable positions for their height (Canadian Centre for
Occupational Health & Safety, 2018). While CCOHS’s recommendations are published
as a standard, industries purchasing platform carts have a varying selection in terms of
handle height whereas an employer could purchase a platform truck having handle
heights between 81.28 cm to 104.14 cm (Wesco Industrial Products, 2017).
Furthermore, carts can be fitted with various castor types (wheels) that may add
additional height as the castors can range from 17.78 cm to in some instances 10.25 cm
(Wesco Industrial Products, 2017). Due to the variability in the given recommendations
by CCOHS and what is available for purchase, further investigation is needed to truly
evaluate an optimal handle height and its potential impact on the worker muscle
physiology.
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Research regarding handle height has been more limited in comparison to handle
orientation, however; the limited findings often support dissimilar results in terms of
handle height. For instance, Al-Eisawi, Kerk et al. (1999) found that pushing and pulling
heavier cartloads (181kg) resulted in lower forces when using higher handle heights.
These lower forces correlated with lower muscle activation, as evidenced by a lower
EMG amplitude. Similarly, research examining the aspect of handle height on a worker's
muscle physiology, EMG amplitude values were considerably greater when pulling at a
handle height of 150 cm when compared to pulling at 100 cm (Chow, La Delfa &
Dickerson, 2017). Furthermore, research by Van der Woude, Van Koningsbruggen,
Kroes, & Kingma, (1995) found that a hip handle height of 92 cm, was not favourable
for pushing tasks and further concluded that, 86.5% of the women participating in the
study pushing at a shoulder height performed better during the task. That same research
(Van der Woude, et al, 1995), noted that when a load was being pushed by a taller or
smaller person, that an adjustable pushing height might be necessary since they would
not be represented within a 95% percentiles range. Contrary to those findings, research
conducted by Lee, Hoozemans, & Dieën (2011) found that when a worker was pushing
at shoulder height, that it contributed to a higher risk of low-back injury than pushing at
their hip height. This added risk was increased because of the lower trunk stiﬀness and
larger involuntary trunk motion after the onset of cart movement when pushing from a
shoulder height handle. When considering the onset of a cart's movement during a
pushing or pulling task, it is essential to explore the trunk muscles served to increase
trunk stiffness in anticipation of cart movement (Lee, Hoozemans, & Dieën, 2011). This
preparatory co-contraction of trunk muscles in this situation may reduce the risk of lowback injury. These findings are reflective of the CCHS’s that the second most common
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body part injured was the low back, which attributed to 16% of the injured body parts
(Mackenzie, S. G., & Wilkins, K., 2014). Considering previous research regarding
handle height limitations include:
•

Mixed results on an optimal handle height.

•

Limited studies of examining muscle behaviour during the use of different
height.

•

Limited research is observing handle height and turning.

•

Discrepancies between what is available for purchase and what is recommended
for handle heights

2.10 Limitations of previous studies
The major remaining limitation regarding previous studies involving pushing
tasks and platform carts is the few amounts of studies involving the dynamic movement
of pushing tasks. The majority of the research investigating handle design with pushing
tasks are predominantly completed isometrically and as a stationary or static position
((Chow, A, Y., La Delfa, N, J., & Dickerson, C, R., 2017); (Lin, J, H., McGorry, R, W.,
Chang, C, C., 2012); (Seo, N, J., Armstrong, T, J., & Young, J, G, 2010)). Some studies
have measured EMG and handle force while pushing a cart within distances of 3-7
meters, however; none have done so while comparing multiple aspects of handle design
and multiple muscle groups concurrently. Additionally, the lack of female participants
involved in this topic of research may limit the external and internal validity of research
findings. Finally, most of the research comparing pushing tasks has done so
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isometrically instead of dynamically, hence future research should investigate pushing
based on the realistic motion of the task.
2.11 Research Proposal
The proposed research is significant as it involved multiple EMG measurements
for collecting data regarding the physical demands of pushing tasks and handle design of
platform carts workers interact with daily. Subjective, physiological and anthropometric
data were also integrated to provide a thorough and accurate depiction of an optimal
handle design involving the most commonly disputed factors of handle height and
handle orientation. The data collected allowed the researcher to determine which
variables may correlate with the increased risk of overexertion and subsequent injury.
The ability to gain insight regarding which design requires greater muscle activation will
allow industries to significantly improve the performance of workers and reducing their
risk of injury. Therefore, the purpose of this study was to investigate the impact of
handle design involving several handle orientation and handle heights, by examining the
muscle activity of trunk muscles and the force required during pushing tasks using a
standard industry platform cart.

36

3.0 Methods
3.1 Participants
Twenty individuals participated in this study, including 10 males and 10 females.
The general characteristics of the participants are provided in Table 3.1. Reflecting on
previous research, the majority of handle design-based research completed averaged
approximately 10 participants. Nonetheless, sample size calculations were still completed
using the program G*Power (G*Power Version 3.0.5, Department of Psychology, 2008).
Alpha was set to .05, power was set to .80, and the assumption of sphericity was assumed.
Based on the number of independent variables, the estimated sample size given was 19.
To have an equal number of males and females, 20 participants were collected.
Table 3.1 Sample characteristics for all participants (N = 20). Standard deviations
denoted by SD. Weight is measured in kilograms (kg), height is measured in centimetres
(cm), the handgrip is measured in kilograms (kg), and skinfold measurements (mm)
Men
(n=10)

Women
(n=10)

Total
(n=20)

Height, mean ± SD (cm)

175.4 ± 6.5

166.39 ± 4.2

170.9 ± 7.1

Weight, mean ± SD (kg)

78.5 ± 8.4

64.25 ± 9.0

71.4 ± 11.2

Age, mean ± SD (years)

24.6 ± 4.7

23.9 ± 4.0

24.3 ± 4.3

Dominant Hand Grip Strength, mean ± SD (kg)

47.2 ± 9.0

29.73 ± 6.7

38.5 ± 11.8

Non-Dominant Hand Grip Strength, mean ± SD (kg)

46.9 ± 7.2

28.23 ± 7.0

37.5 ± 11.7

Rectus Tissue Skinfold (mm)

3.6 ± 7.3

1.8 ± 3.5

2.7 ± 5.7

Sub Iliac Tissue Skinfold (mm)

3.3 ± 6.8

1.5 ± 3.0

2.4 ± 5.2

3.2 Screening tools and Inclusion/Exclusion Criteria
To participate, participants were required to be a minimum of 19 years old for
testing, and upwards of 60 years old. Exclusion criteria for this study included any
musculoskeletal pain requiring a doctor’s visit, and/or time off from work in the past six

months. Additionally, any participants who have had: A fracture or dislocation of the
spine, a torn or ruptured disc, cauda equina syndrome, having a fused spine,
scoliosis/Kyphosis/Lordosis and/or Spondylosis were excluded. These particular
exclusion criteria were implemented to avoid any participants having a higher risk to
injure their low back during trials. Finally, skin-fold testing of the right rectus abdominis
and obliques location had to both be lower than 40 mm as those with higher levels of
adipose tissue in that specific area could interfere with the HDEMG recordings.
Interested participants who met all of the inclusion criteria were then briefed orally on
the study’s procedures and purpose, allowing the option to withdraw (as well as at any
point during the experiment).
3.3 Recruitment
Participants were recruited via word of mouth in the Fredericton community and
on the University of New Brunswick campus. Interested participants contacted the lab,
were emailed, and received a full briefing on the details and purpose of the study before
scheduling a testing time. Each testing session took approximately two hours, and
participants were offered breaks whenever needed. The proposed research (REB 2019060) was submitted to and approved by the University of New Brunswick’s Research
Ethics Board (REB) before the commencement of any data collection. Participants were
provided with the REB approval number and contact information. All participants read
an Information letter (Appendix A) followed by an Informed Consent (Appendix B)
form prior to participation in the study.
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3.4 Experimental Conditions
Data collection of this study took place within the Richard J. Currie Center, in
the Andrew and Marjorie McCain Human Performance Laboratory. Participants were
required to push a manipulated platform cart in a straight line over a distance of five
meters (Figure 3.1). The platform cart used in this study was similar to those typically
used in industry (Global Industries, Ontario, Canada), and was a steel deck platform
truck, with dimensions being 121.92 cm x 60.96 cm, with the capacity of 907.185 kg
(Figure 6.0). The cart was loaded with 216 kg placed on the platform truck to surpasses
the current Snook guidelines limitations while also aiming to meet with the Canadian
Center of Occupation Health and Safety recommendations of workers being able to
push/pull a maximum of 227 kg, 200 times per an 8-hour shift over a maximal distance
of 33 meters at a time (Canadian Centre for Occupational Health: Pushing & Pulling –
Handcarts, 2019). The length of the distance the cart was pushed was five meters to
surpass the Snook Tables’ limitation of 2.1 meters, while also allowing for a controlled
data collection within the laboratory compared to using a larger space that may promote
the risk of complications with data collection or fatiguing the participant (Figure 3.1).
Furthermore, the distance of five meters prevented the risk of the early onset of fatigue
which may have influenced the EMG and force data collected after completing multiple
trials than compared to pushing longer distances.
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Figure 3.1. A visual of the track used in this experiment showing the circle indicating
the starting position of the participants and where they will finish their trial, while the
dashed line shows then data collection will start and stop (stop/end points).

3.5 Instrumentation
3.51 High-Density EMG
A 64-channel wireless (Sessantaquattro, OT Bioelettronica, Turin, Italy)
HDEMG system was used to record muscle activity from the left and right erector
spinae, rectus abdominis and external oblique (See Figure 3.2). The Sessantaquattro is a
multichannel amplifier and data logger for bioelectrical signals. The signals acquired by
the instrument were amplified, filtered, digitally converted and transferred to a PC,
through a WiFi connection, for real-time visualization and storage. The multi-channel
HD EMG data was collected at 1000Hz. The EMG signals were captured with 2 semidisposable 32-channel electrode grids and were able to cover a larger area than typical
bipolar electrodes (Grid ID = ELSCH4x8NM6). The signals collected from the
Sessantaquattro provided EMG data that was then able to be used to create heat intensity
maps of the three trunk muscles when performing the dynamic task of pushing with the
various handle set-ups.
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Figure 3.2. OT Bioelettronica Sessantaquattro 64 channel HDEMG device with the
strap, and 32 channel grid.
3.52 Handgrip Dynamometer
A handgrip dynamometer (Takei Scientific Instruments Co., Ltd., 2008) was used to
collect handgrip strength. Grip strength is commonly used as a tool to assess a wide
variety of evaluations such as health status, ageing and functional capacity (Bohannon,
2015). Handgrip strength can be easily collected; therefore, it was used to serve as a
valid predictor of strength for these pushing tasks. Before using the handgrip
dynamometer, a short practice demonstration was given. Participants were asked to
place their thumb and fingers on the proper surfaces of the handgrip dynamometer. The
handgrip strength of both dominant and non-dominant hands was recorded before the
experiment starts. Participants stood with their arms in line with their side, with their
shoulders aligned with their torso, and with the elbow fully extended having a neutral
wrist position (0 degrees), and then maximal grip strength will be recorded, as shown in
Figure 3.3 below. While exhaling, participants squeezed the handgrip dynamometer
using as much force as they can produce. Participants alternated hands after each trial to
ensure a small rest period occurs between each strength test. Two trials of each hand
were performed, with the hands alternating during the trials. The handgrip dynamometer
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measures grip strength in kilograms (kg) to the nearest 0.5 kg results. The maximum
value of both the dominant and non-dominant hand will be recorded from the two trials.

Figure 3.3. The handgrip dynamometer (Takei Scientific Instruments Co., Ltd., 2008)
used in this study, as well as a sagittal and frontal view example of what participants
would complete during testing.
3.53 Force Transducers
To measure the exerted force applied to the handles when the participant was
pushing the platform cart, bilateral forces were measured using an Interface model 100lb
force transducer slim, fixed at the center of the experimental handles. The force
transducer was powered by a Motor Master Eliminator Power Box which was included
in the total load of the platform cart. The force transducer was connected as an AUX to
the Sessantaquattro allowing the HDEMG system and the force transducer to start and
stop recording data at the same time so that the data was synchronized.
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3.54 Platform Cart
The platform cart used in the study was a heavy-duty extra capacity steel
platform truck and had a load capacity of 1814.37 kg. The carts deck dimensions are
60.96 cm x 121.92 cm, and was equipped with polyurethane wheels, size 20.32 cm x
5.08 cm.

Figure 3.4. Global Equipment Company Inc. (2019) Steel Deck Platform Truck
The handle orientations involved with the handle designs consisted of a vertical
(A), horizontal (B), and semi-pronated (C) as showing in Figure 3.5 on the following
page.
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Figure 3.5. Handle orientations of A) Vertical, B) horizontal and C) Semi-pronated
involved with the handle designs. Interhandle distance (X) between the two handles was
a distance of 40.0 cm, and the length of the handle (Y) itself was 14.0cm.
The handle heights used within this study were altered from the original cart, as
this allowed for differences in both male and female average anthropometric values. The
average hip and shoulder height of males (Shoulder: 153.5cm, Hip: 100.0cm) and
females (Shoulder: 140.5cm, Hip: 88.5 cm) (Pheasant, 2006), were used to ensure the
most accurate results between the individual sex anthropometrics. Diagrams displaying
the two handle heights of males and females can be found in Figure 3.6 & 3.7.
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Figure 3.6. Illustration of the two handle heights for males, both having a vertical
handle orientation.

Figure 3.7. Illustration of the two handle heights for males, both having a vertical
handle orientation.

3.6 Procedure
Participants were greeted at the front entrance of the Richard J. CURRIE
CENTRE at the University of New Brunswick, by the researcher, and escorted to the
Andrew and Marjorie McCain Human Performance Lab (HPL) on the second floor. The
participants were then instructed to change into shorts and sneakers if they had not
already come dressed for the study. First, participants were provided with an overview
of the study and shown the research equipment that was being used during the data
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collection period. Before any data collection participants were questioned based on a list
of inclusion and exclusion criteria that were in place for the safety of participants from
injury caused by the study as well as to ensure reliable HDEMG signals.
If a participant was not excluded from the study, they were then asked to read
and sign a consent form. After all initial forms were completed and the participant
wished to continue with the study the collection of their anthropometric data (age,
height, weight, leg dominance, and hand dominance) was recorded (Appendix C).
Following the anthropometric data collection, he or she was asked to complete a
handgrip dynamometer test, which included two trials for each hand. The average value
of the two trials for both the dominant and non-dominant hand was recorded. After the
completion of the handgrip strength test, the participant was offered the chance to use
the bathroom prior to the application of the HDEMG electrodes.
Participants were then instrumented with the Sessantaquattro HDEMG system
for the duration of the data collection period. The HDEMG double-sided adhesive foam
grids were placed over the electrode grid, and conductive cream was inserted into each
cavity to allow for proper skin contact for each electrode. Two HDEMG grids were
placed on the left and right muscle site of either the erector spinae, rectus abdominis and
obliques of the participant’s trunk (depending on the trial). Table 3.2 describes the
electrode placement descriptions/instructions as Cram, Jeffery R. Introduction to surface
electromyography (2nd ed.). (Criswell, E. (2011).
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Table 3.2 Summary of the electrode placement sites for each muscle to be tested.
Location

Rectus Abdominis

External
Abdominal
Oblique
Erector Spinae

Electrode Placement
Palpate the abdominal wall in the area close to the umbilicus.
Locate the muscle mass (a thick pad of adipose tissue may be a
problem). The electrodes are then placed 3 cm apart and parallel to
the muscle fibres of the rectus so that they are located
approximately 2 cm lateral and across from the umbilicus over the
muscle belly.
Palpate the iliac crest ad locate the anterior superior iliac spine.
Then lateral to the rectus abdominis and directly above the anterior
superior iliac spine, halfway between the crest and the ribs at a
slightly oblique angle place the electrodes so that they run parallel
to the muscle fibres
The electrodes need to be placed one finger width medial from the
line from the posterior spine iliac superior to the lowest point of the
lower rib, at the level of L2.

A combination of standard skin preparation techniques was used for this research
study to ensure proper electrode-skin contact (The Seniam Project, 1999). All muscle
sites were shaved using shaving gel at the location of electrode placement to improve the
electrode adhesion to the skin. The skin was then cleaned with alcohol swabs to remove
any dirt, oil, and sweat. Following the use of the alcohol swab, rough paper-towel was
brushed over the skin to remove any debris or loose skin cells that may impede the
electrical signal. Finally, after the electrodes were placed on the participant in the
desired location and secured in place using hypafix to prevent the electrode from
detaching from the skin.
To normalize the EMG data, participants were asked to complete several
isometric maximal voluntary contractions (MVC’s) of each muscle of interest (erector
spinae, obliques and rectus abdominis). All MVC’s were 5 seconds in duration and the
HDEMG collected during the experiment were normalized to the appropriate MVC.
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Once participants had completed the required MVC tests for the specific muscle
trials, experiment trials started if the participant was still interested to participate.
Participants were asked to complete a single trial of each possible combination of the
three-handle orientation and two handle-height configurations for the task of pushing a
216 kg load a distance of five meters. There were a total of six randomized trials based
on Table 3.3 which were completed once for each muscle during the testing procedure.
Table 3.3. The various handle combination tested
Handle Height
Hip (H)

Handle Orientation
Horizontal (H)

Handle Design Code
HH

Hip (H)

Vertical (V)

HV

Hip (H)

Semi-Pronated (S)

HS

Shoulder (S)

Horizontal (H)

SH

Shoulder (S)

Vertical (V)

SV

Shoulder (S)

Semi-Pronated (S)

SS

Prior to the start of each trial, the participant was instructed on proper form and
their starting position of each trial. All participants were instructed
that their dominant leg be roughly 2 inches behind their non-dominate leg, have
their feet shoulder-width apart, and standing centred in front of the test handles.
Participants were also instructed to have their arms outstretched, gripping onto the
handles with a slight bend in their elbow, while also having their head looking straight
ahead and their chest lifted. If at any point the researcher deemed that the participant’s
posture was incorrect then the trial was retested. Errors in a participant's posture
included having overly outstretched arms (locked elbows), an extreme forward or
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backwards flexing pelvis, narrow foot placement, and having one's chest aligned with
their wrists. Examples of unsuitable postures for the pushing trials are included in Figure
3.8.

Figure 3.8 Examples of unsuitable postures that would require a participant to repeat a
trial.
Once the participant was ready to start the trial, the researcher conducted a
countdown of three, two, one, and go, followed by the participant completing their
pushing task. All systems started recording three seconds before the countdown to
ensure that a quiet signal was recorded as a baseline for both force and HDEMG
recordings.
After each trial, participants were asked to rate their physical exertion levels of
the handle design of the trial they had just used to push the cart based on the Borg
Rating of Perceived Exertion (RPE) Scale (Appendix C), which was recorded using the
RPE Tracking form (Appendix D). The participants' RPE scores of each trial were
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allowed to be changed at any time by the participant as they experienced the different
handle designs. A minimum rest period of two minutes was provided between trials,
which also allowed time for the handle design configuration to be switched. Once all 6
trials had been completed for the first pair of trunk muscles (left/right), the protocol was
repeated two additional times with each of the remaining muscle pairs. After the
completion of all trials, participants were asked to complete a Personal Handle Survey
(Appendix D). This survey allowed for individual feedback from the participants on
potential preferences to handle height and handle orientation after the experiment was
finished. After completing the survey, the participant was provided with a brief
overview of the next steps of the research and was allowed to ask the researcher any
questions about the study. This protocol was completed over a duration of 1-3 hours
depending on any issues involving any of the instrumentation used.

3.7 Data Analysis
Both EMG and force data were recorded using the software (OT Biolab,
Bioelettronica, Italy). EMG data were filtered with a bandpass filter 20-400Hz. Fifty-nine
bipolar surface EMG signals along the 12 columns were made from the two grids totaling
64 electrodes. The EMG and force data were exported and then processed offline using
custom software (Matlab; Mathworks Inc, Natick, MA, USA). The EMG amplitude of
each signal was normalized to the individual's maximum isometric voluntary contraction
for calibration and comparison, as well as the handle push force was converted from
millivolts (uV) to newtons (N).
Distribution was estimated using the RMS value for each of the electrode grid
locations for each participant and 2-Dimensional (2D) maps were developed for each
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participant. The HDsEMG maps represent the spatial distribution of intensities of active
MUs over the surface of the muscle as follows (Jordanic et al., 2016):
!"!" = $"%('(")!" )
Where HM is an activation map and each pixel in a map (HM i,j ) corresponds to
an RMS value of a channel in an electrode array (position i,j). The recorded signals were
processed off-line using custom-built software (HDEMG Analysis Tool). The following
variables were used to compare the data; Intensity, Differential intensity, Entropy and
Coefficient of Variation.
It has been suggested previously that the relationship between EMG amplitude
and force generated is not linear (Staudenmann et al., 2010, De Luca, 1997) and
therefore intensity was defined similarly to previous work (Rojas-Martinez, et al., 2012,
Jordanic et al. 2016) as the common logarithm of the mean intensity of the HDEMG
maps:

Where I is an intensity feature calculated from the HDEMG intensity map HM
with a total number of N channels, and HMi,j is the intensity of a channel located at
position i,j. The intensity of a single differential channel or differential intensity (DI)
was calculated as a common logarithm of an RMS value of the difference of two
consecutive channels in the direction of the muscle fibres (Jordanic et al., 2016):
*+ = ,-.12($"%<'(")i,j – '(")i+1,j))
Maximum entropy occurs when all of the channels have the same RMS
(log259=5.884), and minimum value occurs when all of the channels are 0 except for
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one. Therefore, an increase in entropy indicates an increase in homogeneity of muscle
fibre types, since muscle fibres innervated by the same motor neuron will have similar
EMG recordings. Higher homogeneity is expected in older adults due to the clustering of
muscle fibres. Modified entropy was defined as the entropy of the signal power similar
to Farina et al., (2008):

Where p(i) is the square of the RMS value of channel i divided by the sum of the
squares of all 59 RMS values, therefore p(i)2 represents the normalized power of each
channel. The CV was calculated as the standard deviation (SD) of the 59 RMS values
divided by the 1 average of the 59 RMS values as shown in the following equation:

When the SD is small relative to the mean, there is a smaller CV. Therefore,
when the channels are more uniform there will be a small CV, which also indicates
homogeneity of muscle fibres.
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3.8 Statistical Analysis
Data was summarized in mean and SD for each group based on the phase of the
push being either the initiation of the push determined as 0.5 seconds after the hand
force applied to the cart surpassed 20 N, as well as the peak hand force applied during
the push (Figure 3.9).

Figure 3.9. An example of the force curve graph during the push of participant eight.
The X-axis of the graph represents time (s), while the y-axis represents force (N).
Prior to beginning analysis, Shapiro-Wilks tests were used to ensure the normal
distribution of the data. Significant differences between the independent and dependent
variables were determined using a mixed model ANOVA. Bonferroni post-hoc analysis
were used when an ANOVA resulted in a p-value less than the alpha value, set at 0.05.
All of the statistical tests were performed using RStudio 1.0. 136 (RStudio, Boston,
MA).
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4.0 Results
Colour maps were generated of each participant for each test contraction. The 2D
features extracted from the heat intensity maps included the following: intensity,
differential intensity, entropy, coefficient of variation, and mean RMS. Each of these
features are presented in the following results.
4.1 Hypothesis 1
There will be a significant difference of the trunk muscles (erector spinae, rectus
abdominis, and oblique’s) activity variables as measured by high-density EMG between
the six different handle designs during the initiation of the push.
Intensity demonstrated a significant difference for the main effects of handle
design (F(5,540) = 13.53, p>0.001). The mean intensity using the HH design was
significantly greater than all other handle designs ((HS; p>0.001); (HV; p=0.014); (SH:
p>0.001); (SS: p>0.001); (SV: p>0.001)), regardless of trunk muscle or muscle side
(Table 4.1).
Table 4.1 Mean ± Standard deviation of intensity (a.u) during the initiation phase of the
pushing task based on handle design.
Handle Height

Hip

Shoulder

Handle Orientation

Intensity (a.u)

Horizontal

4.14 ± 0.84

Vertical

4.15 ± 0.62*

Semi-Pronated

4.00 ± 0.80*

Horizontal

4.10 ± 0.78*

Vertical

3.94 ± 0.82*

Semi-Pronated

3.95 ± 0.88*

* = significant difference with the horizontal orientation and hip height handle design
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Heat intensity maps of muscle activity illustrated changes in intensity that
occurred across the trunk muscles during the contraction. Figure 4.1 shows participant
14 (male) demonstrating greater intensity during the initiation of the push with the HH
handle design compared to the SV handle design. Likewise, intensity averages across all
handle designs and muscles are illustrated in a boxplot below (Figure 4.2).

A

B

C

D

Figure. 4.1. The dynamic HDEMG heat intensity maps of participant 14’s (male)
erector spinae when initiating a push. A) Left Erector Spinae using the HH handle
design; B) Right Erector Spinae using the HH handle design; C) Left Erector Spinae
using the SV handle design D) Right Erector Spinae using the SV handle design.
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Figure 4.2. Intensity (a.u) (Mean ± SD) values of the three trunk muscles between
handle designs at the initiation of the push. Outliers are noted as black dots.
In terms of differential intensity, the mixed model ANOVA analysis indicated
there were no significant differences between the differential intensity values and the
handle design conditions. Yet, entropy demonstrated a significant difference for the
main effects of handle design (F (1,540) = 2.521, p>0.001). The mean entropy across all
left side trunk muscles was significantly higher using the HH handle design than the SS
and SV handle design (Table 4.2).
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Table 4.2 Mean ± Standard deviation of entropy (a.u) during the initiation phase of the
pushing task based on handle design of all left-sided trunk muscles.
Handle Design
HH

HS

HV

SH

SS

SV

Muscle
Erector Spinae
External Obliques
Rectus Abdominis
Erector Spinae
External Obliques
Rectus Abdominis
Erector Spinae
External Obliques
Rectus Abdominis
Erector Spinae
External Obliques
Rectus Abdominis
Erector Spinae
External Obliques
Rectus Abdominis
Erector Spinae
External Obliques
Rectus Abdominis

Entropy (a.u)
4.27 ± 0.4
4.26 ± 0.6
4.25 ± 0.4
4.06 ± 0.5
4.03 ± 0.8
3.86 ± 1
4.03 ± 0.9
4.03 ± 0.6
3.99 ± 0.8
3.92 ± 1
4.21 ± 0.7
4.00 ± 0.9
3.76 ± 0.9*
4.05 ± 0.6*
3.63 ± 1*
3.74 ± 0.8*
4.06 ± 0.7*
3.66 ± 0.9*

* = significant difference with the horizontal orientation and hip height handle design

Heat intensity maps of muscle activity illustrated changes in entropy that
occurred across the trunk muscles during the contraction. Figure 4.3 shows participant
12 (female) demonstrating greater entropy during the initiation of the push with the HH
handle design compared to the SS handle design. Likewise, intensity averages across all
handle designs and muscles are illustrated in a boxplot below (Figure 4.4).
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A
B
Figure 4.3. The dynamic HDEMG heat intensity maps of participant 12’s (female)
erector spinae when initiating a push. A) Left Erector Spinae using the HH handle
design; B) Left Erector Spinae using the SS handle design.

Figure 4.4. Entropy (a.u) (Mean ± SD) values of the three trunk muscles between handle
designs at the initiation of the push. Outliers are noted as black dots.
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The coefficient of variation demonstrated a significant difference for an
interaction effect of handle design and muscle side (F (5,540) = 2.357, p>0.01). In
particular, the coefficient of variation of all left-sided trunk muscles was found to be
significantly greater (p=0.009) initiating a push with the SS handle design than the HH
handle design (Table 4.3).
Table 4.3 Mean ± Standard deviation of entropy (a.u) during the initiation phase of the
pushing task based on handle design of all left-sided trunk muscles.
Handle Design
HH

HS

HV

SH

SS

SV

Trunk Muscle
Erector Spinae
External Obliques
Rectus Abdominis
Erector Spinae
External Obliques
Rectus Abdominis
Erector Spinae
External Obliques
Rectus Abdominis
Erector Spinae
External Obliques
Rectus Abdominis
Erector Spinae
External Obliques
Rectus Abdominis
Erector Spinae
External Obliques
Rectus Abdominis

Coefficient of Variation (a.u)
45.09 ± 21
42.36 ± 26.1
42.8 ± 24.2
54.69 ± 23.6
48.86 ± 39.4
68.99 ± 62.4
54.71 ± 38
54.37 ± 27.7
58.46 ± 42.2
62.03 ± 52.1
47.31 ± 35.8
55.2 ± 43.7
72.62 ± 63.4*
57.02 ± 28.6*
77.8 ± 57.4*
67.43 ± 36.9
53.96 ± 36
73.86 ± 42.7

* = significant difference with the horizontal orientation and hip height handle design

An example of heat intensity maps demonstrating increased coefficient of
variation within a left-sided trunk muscle is represented in Figure 4.5, as participant 2
(female) had a significantly higher coefficient of variation of their left rectus abdominis
muscle when initiating a push with the HH handle design compared to the SS handle
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design. Likewise, the entropy averages across all handle designs and muscles are
illustrated in a boxplot (Figure 4.6).

A
B
Figure. 4.5. The dynamic HDEMG heat intensity maps of participant 2’s (female) rectus
abdominis when initiating a push. A) Left rectus abdominis using the HH handle design;
B) Left rectus abdominis using the SS handle design.

Figure 4.6. Coefficient of variation (a.u) (Mean ± SD) values of the three trunk muscles
between handle designs at the initiation of the push. Outliers are noted as black dots.
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For mean RMS, a significant difference for the main effects of handle design was
found (F (5,540) = 5.602, p>0.001). The Mean RMS was significantly lower using the
HH handle design than when using the HS (p=0.0272) and SV (p=0.00061) handle
design, regardless of the trunk muscle or muscle side (Table 4.4).

Table 4.4 Mean ± Standard deviation of the normalized Mean RMS (%) during the
initiation phase of the pushing task based on handle design.
Handle Height

Hip

Shoulder

Handle Orientation

Mean RMS (%)

Horizontal

6.0 ± 13.0

Vertical

9.0 ± 12.0

Semi-Pronated

12.0 ± 17.0*

Horizontal

8.0 ± 9.0

Vertical

13.0 ± 24.0 *

Semi-Pronated

11.0 ± 15.0

* = significant difference with the horizontal orientation and hip height handle design

An example of heat intensity maps showcasing increased Mean RMS within a
left-sided trunk muscle is represented in Figure 4.7, as participant 8 (female) had
significantly lower Mean RMS of their left erector spinae muscle when initiating a push
with the HH handle design compared to the SV handle design. Similarly, the mean RMS
averages across all of the handle designs and muscles are illustrated in a boxplot below
(Figure 4.8).
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A
B
C
D
Fig. 4.7. The dynamic HDEMG heat intensity maps of participant 8’s (female) erector
spinae when initiating a push. A) Left Erector Spinae using the HH handle design; B)
Right Erector Spinae using the HH handle design; C) Left Erector Spinae using the SV
handle design D) Right Erector Spinae using the SV handle design.

Figure 4.8. Normalized Mean RMS (Mean ± SD) based on the percentage (%) of the
three trunk muscles between handle designs at the initiation of the push. Outliers are
noted as black dots.
Furthermore, a significant difference in the interaction effect involving handle
design and biological sex was found (F (5,540) = 2.313, p>0.001). Specifically, within
the sample of females, participants averaged significantly less (p=0.035) Mean RMS
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values regardless of trunk muscles using the HH handle design than the SV handle
design (Table 4.5) Likewise, within the male sample, participants averaged significantly
less Mean RMS values regardless of trunk muscles using the HH handle design than
both the SS (p=0.041) and HS (p=0.022) handle design (Table 4.5) Both of these
findings in terms of biological sex are illustrated in Figure 4.9. Moreover, no significant
differences were found between handle design and biological sex that were found
concerning Mean RMS.
Table 4.5 Mean ± Standard deviation of the normalized Mean RMS (%) values of male
and female participants during the initiation phase of the pushing task based on handle
design.
Handle Height

Handle Orientation
Horizontal

Hip

Semi-Pronated
Vertical
Horizontal

Shoulder

Semi-Pronated
Vertical

Sex
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male

Mean RMS (%)
8.0 ± 2.0
5.0 ± 1.0
13.0 ± 2.0
13.0 ± 2.0
9.0 ± 1.0
9.0 ± 1.0
9.0 ± 1.0
8.0 ± 1.0
11.0 ± 1.0
12.0 ± 2.0
18.0 ± 3.0
9.0 ± 1.0
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Figure 4.9. Normalized Mean RMS (Mean ± SD) based on the percentage (%) across all
trunk muscles separated by biological sex between handle designs at the initiation of the
push. Outliers are noted as black dots.
Key Findings:
•
•
•
•

Pushing with the HH handle design significantly increased the intensity of all
trunk muscles.
Handle designs SS and SV resulted in decreased entropy values which
suggests the increase of muscle homogeneity of the trunk muscles
Left sided trunk muscles had greater coefficient of variation values than right
sided muscle which suggest inconsistent muscle patterns when using the SS
handle design.
In general, the HH handle design resulted in less muscle activity than several
handle designs as established by lower mean RMS values.

4.2 Hypothesis 2
There will be a significant difference of the hand force as collected by the force
transducers of the handles during the pushing tasks and will differ between the six
different handle designs during the peak force of the push.
Hand force was shown to have a significant difference for the main effects of
handle design (F (5, 90) = 21.83, p>0.001). As shown in Table 4.6, the HH handle
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design resulted in an averaged hand force that was significantly less than all other handle
designs ((HV: p<0.001); (HS: p=0.0315); (SH: p<0.001); (SS: p<0.001); (SV:
p<0.001)). Furthermore, the HV handle design resulted in an average hand force
significantly greater (p=0.0097) than the HS height handle design. Yet, the HV handle
design resulted in a significantly lower hand force (p<0.001) than the SH handle design.
Furthermore, pushing with the HS handle design resulted in a significantly lower
average hand force than the SH handle design (p>0.001) and SS handle design
(p<0.001). The SS handle design resulted in a significantly greater average hand force
than the HS (p=0.0106) and HV (p<0.001) handle designs. Lastly, the SV handle design
resulted in significantly greater (p=0.0116) average hand force, than when using the SS
handle design. All of the previously mentioned findings are found in Table 4.6, along
with a boxplot illustrating such significant differences across handle designs with hand
force (Figure 4.10).

Table 4.6 Mean ± Standard deviation of hand force (N) during the initiation phase of the
pushing task based on handle design.
Handle Height

Hip

Shoulder

Handle Orientation

Force (N)

Horizontal

33.48 ± 8.7

Vertical

42.96 ± 13.1*

Semi-Pronated

37.98 ± 7.7*D

Horizontal

52.10 ± 14.3*^

Vertical

47.15 ± 13.0*Dà

Semi-Pronated

42.23 ± 9.0*^à

* = significant difference with the horizontal orientation and hip height handle design
= significant difference with the semi-pronated orientation and hip height handle design

^
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D = significant difference with the vertical orientation and hip height handle design
à
= significant difference with the horizontal orientation and shoulder height handle design
= significant difference with the semi-pronated handle orientation and shoulder height handle design

Figure 4.10. Force (N) (Mean ± SD) values of the six handle designs at the initiation of
the push. Outliers are noted as black dots.
Among the average hand force, a significant difference in the interaction effect
involving handle design and sex was found (F (5,90) = 2.35, p>0.001). Within male
participants, the use of the HH handle design resulted in significantly less averaged hand
force than most handle designs ((HV: p<0.001); (SH: p<0.001); (SS: p<0.001); (SV:
p=0.0041)) (Table 4.7). Pushing with the HV handle design resulted in significantly less
averaged hand force than the SH (p<0.001) handle design (Table 4.7). Similarly, the HS
handle design resulted in significantly less averaged hand force than the SH (p<0.001)
handle design, but also the SS (p<0.001) handle design (Table 4.7). The SH handle
design resulted in significantly greater averaged hand forces than both the SS (p=0.0462)
and SV (p<0.001) handle designs (Table 4.7). Lastly, the SV handle design resulted in
significantly greater (p=0.0051) averaged hand force than the SS handle design (Table
4.7).
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Comparable to the male participants, females initiating a push with the HH
handle design resulted in significantly less average hand force than almost all other
handle designs ((HV: p<0.001); ( SH: p<0.001); (SS: p<0.001); (SV: p<0.001)) (Table
4.7).The use of the HV handle design resulted in significantly less (p=0.0233) average
hand force than the SH handle design for females (Table 4.7). Lastly, the HS handle
design resulted in significantly less average hand force than the SH (p<0.001) and SS
(p=0.0034) handle designs (Table 4.7). All average hand force findings in terms of
biological sex across the six handle designs are illustrated in Figure 4.11. Moreover, no
significant differences were found between handle design and biological sex that were
found concerning hand force.
Table 4.7 Mean ± Standard deviation of hand force (N) during the initiation phase of the
pushing task based on handle design and biological sex.
Sex

Handle Height
Hip

Female
Shoulder

Hip
Male
Shoulder

Handle Orientation
Horizontal
Vertical
Semi-Pronated
Horizontal
Vertical
Semi-Pronated
Horizontal
Vertical
Semi-Pronated
Horizontal
Vertical
Semi-Pronated

Force (N)
33.13 ± 6.3
41.39 ± 10.0*
37.50 ± 5.9
46.6 ± 11.4*D^
43.61 ± 9.7*
42.14 ± 8.9*^
33.83 ± 10.6
44.54 ± 15.6*
38.46 ± 9.0
57.58 ± 14.9*D^
50.69 ± 14.8*à
42.33 ± 8.9*^à

* = significant difference with the horizontal orientation and hip height handle design
= significant difference with the semi-pronated orientation and hip height handle design
D = significant difference with the vertical orientation and hip height handle design
à
= significant difference with the horizontal orientation and shoulder height handle design
= significant difference with the semi-pronated handle orientation and shoulder height handle design
^
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Figure 4.11. Force (N) (Mean ± SD) values separated by biological sex between handle
designs at the initiation of the push. Outliers are noted as black dots.
Key Findings:
•
•

The HH handle design resulted in the lowest amount of hand force compared
to all other handle designs.
Shoulder height handle designs (SH, SS, SV) resulted in greater hand force
than all other handle designs.

4.3 Hypothesis 3
There will be a significant difference of the trunk muscles (erector spinae, rectus
abdominis, and oblique’s) activity variables as measured by high-density EMG between
the six different handle designs during the peak force of the push.
In terms of intensity, the mixed model ANOVA analysis indicated that there
were no significant differences between the intensity values and the handle design
conditions. Nonetheless, a significant difference of differential intensity for the main
effect of handle design was found (F (5,540) = 1.172, p>0.001). The average differential
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intensity when pushing with the HS handle design was significantly greater than when
pushing with the SS (p=0.0017) and SV (p=0.0011) handle designs (Figure 4.12).

Figure 4.12. Differential intensity (a.u) (Mean ± SD) values of the three trunk muscles
between handle designs at the peak of the push. Outliers are noted as black dots.
Contrary to the previous results involved during the initiation of the push, there
were no significant differences found among neither entropy nor coefficient of variation
values during the peak force of the push-based on the mixed model ANOVA analysis
completed pertaining to handle designs conditions.
Nevertheless, the Mean RMS was found to be significantly different for the main
effect of handle design (F (5,540) = 10.982, p>0.001). Mean RMS was significantly
lower using the SH handle design than when using the SS (p=0.0086) and SV
(p=0.0059) handle designs at the peak force of the pushing task (Table 4.8). All handle
designs average mean RMS values are displayed in Figure 4.13 of the different trunk
muscles.
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Table 4.8 Mean ± Standard deviation of the normalized Mean RMS (%)) during the
peak force phase of the pushing task based on handle design.

à

Handle Design

Mean RMS (%)

HH

14.0 ± 0.2

HV

14.0 ± 0.2

HS

19.0 ± 0.3

SH

14.0 ± 0.1

SV

23.0 ± 0.3à

SS

3.0 ± 0.4à

= significant difference with the horizontal orientation and shoulder height handle design

Figure 4.13. Normalized Mean RMS (Mean ± SD) based on the percentage (%) of the
three trunk muscles between handle designs at the peak of the push. Outliers are noted as
black dots.
Furthermore, Mean RMS was found to be significantly different for the
interaction effects of handle design and muscle side (F (5,540) = 2.379, p>0.001). More
specifically, the Mean RMS of all left-sided muscle was significantly greater pushing
with the SV handle design than pushing with several other handle designs ((HH:
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p=0.00028); (SH: p=0.00114); (HS: p=0.00136); (HV: p=0.0107)) (Table 4.9). All
handle designs average mean RMS values are displayed in Figure 4.14 of the different
muscle sides.

Table 4.9 Mean ± Standard deviation of the normalized Mean RMS (%) of left and
right-sided trunk muscles during the peak force phase of the pushing task based on
handle design.
Muscle Side

Handle Height
Hip

Left
Shoulder

Hip
Right
Shoulder

Handle Orientation
Horizontal
Semi-Pronated
Vertical
Horizontal
Semi-Pronated
Vertical
Horizontal
Semi-Pronated
Vertical
Horizontal
Semi-Pronated
Vertical

Mean RMS (%)
14.0 ± 0.2
16.0 ± 0.3
19.0 ± 0.3
16.0 ± 0.1
27.0 ± 0.3
38.0 ± 0.5*^Dà
14.0 ± 0.3
12.0 ± 0.2
19.0 ± 0.3
11.0 ± 0.1
19.0 ± 0.3
22.0 ± 0.3

* = significant difference with the horizontal orientation and hip height handle design
= significant difference with the semi-pronated orientation and hip height handle design
D = significant difference with the vertical orientation and hip height handle design
à
= significant difference with the horizontal orientation and shoulder height handle design
= significant difference with the semi-pronated handle orientation and shoulder height handle design
^

71

Figure 4.14. Normalized Mean RMS (Mean ± SD) based on the percentage (%) of the
left and right trunk muscle sided between handle designs at the peak of the push.
Outliers are noted as black dots.
Key Findings:
•
•
•

The HS handle design caused greater muscle intensity than the other shoulder
height handle designs (SV & SS).
The SH handle design required less muscle activity than SS and SV handle
designs as established by lower Mean RMS values.
The left sided trunk muscles had higher muscle activity using the SV handle
design as established by greater Mean RMS values.

4.4 Hypothesis 4
There will be a significant difference of the hand force as collected by the force
transducers of the handles during the pushing tasks and will differ between the six
different handle designs during the peak force of the push.
Considering hand force during the peak force of the push, a significant difference
of hand forces for the main effects of handle design was found (F (5,540) = 24.34,
p>0.001). Pushing with the HH handle design resulted in significantly less average hand
forces than almost all other handle designs ((HV: p=0.00149); (SH: p<0.001); (SS:
p<0.001); (SV: p<0.001)) (Table 4.11). The use of the HS handle design resulted in
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significantly less average hand force than all handle designs involving a shoulder handle
height ((SH: p<0.001); (SS: p<0.001); (SV: p=0.0308)) (Table 4.10). Similarly, the use
of the HV handle design resulted in significantly less average hand force than the SS
(p=0.00329) and SH (p<0.001) handle designs (Table 4.10). Significant differences
between handle designs involving shoulder height handles were found whereas the SH
handle design resulted in significantly higher average hand force than both SS
(p=0.00018) and SV (p<0.001) handle designs (Table 4.10). Lastly, the SV handle
design resulted in a significantly higher average hand force than the SS handle design
(Table 4.10). All of these findings are supplied in a visual representation below as
Figure 4.15.
Table 4.10 Mean ± Standard deviation of push force (N) values during the peak force
phase of the pushing task based on handle height, handle orientation and grouping of
participants.

Group

Handle Height

Handle Orientation

Force

All
(n=20)

Hip

Horizontal
Vertical
Semi-Pronated
Horizontal
Vertical
Semi-Pronated
Horizontal
Vertical
Semi-Pronated
Horizontal
Vertical
Semi-Pronated
Horizontal
Vertical
Semi-Pronated
Horizontal
Vertical
Semi-Pronated

45.26 ± 11.5
48.43 ± 10.8*
53.60 ± 16.8
70.91 ± 22.9*^D
61.52 ± 19.1*^
55.02 ± 14.3*^D
42.91 ± 9.2
47.62 ± 13.1*
45.72 ± 6.1
51.14 ± 13.5*D^
51.64 ± 13.9*^
55.56 ± 19.3*^
61.12 ±15.2
80.69 ± 25.1
55.66 ±13.6
67.37 ± 22.0*D^à
53.32 ± 12.1D
56.71 ±16.1*D^à

Shoulder

Female
(n=10)

Hip
Shoulder

Male
(n=10)

Hip
Shoulder

* = significant difference with the horizontal orientation and hip height handle design
= significant difference with the semi-pronated orientation and hip height handle design
D = significant difference with the vertical orientation and hip height handle design
à
= significant difference with the horizontal orientation and shoulder height handle design
= significant difference with the semi-pronated handle orientation and shoulder height handle design
^
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Figure 4.15. Average force (N) (Mean ± SD) values between handle designs at the peak
of the push. Outliers are noted as black dots.
Comparing within biological sexes and hand force, a significant difference for
the main effects of handle design was found (F (5,90) = 2.89, p>0.001). More
specifically, male participants pushing with the HH handle design resulted in
significantly greater hand force than the SS handle design (p<0.001) yet was
significantly less (p<0.001) hand force than the SH handle design (Table 4.10). At the
peak force of the push, the HV handle design resulted in significantly greater hand force
than all other handle designs ((HS: p<0.001); (HH: p<0.001); (SH: p<0.001); (SS:
p<0.001); (SV: p<0.001)) (Table 4.10). Similarly, the HS handle design resulted in
significantly less hand force than the SH (p<0.001) and SS (p<0.001) handle designs
(Table 4.10). Likewise, SH handle design resulted in significantly greater hand force
than both the SS (p=0.0018) and SV (p>0.001) handle designs (Table 4.10). Lastly, the
SV handle design resulted in significantly less hand force than the SS handle design
(p=0.0301) (Table 4.10).
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Unlike the male participants, the use of the HH handle design by female
participants resulted in the significantly less hand force than almost all other handle
designs ((HV: p=0.00141); ( SH: p<0.001); (SS: p<0.001); (SV: p<0.001)) (Table 4.10).
The use of the HV handle design resulted in significantly less hand force than the SH
handle design (p=0.00035) among females (Table 4.10). Furthermore, the HS handle
design resulted in significantly less hand force than all handle designs involving a
shoulder height ((SH: p<0.001); (SS (p=0.00014); (SV: p=0.00986)) handle designs
(Table 4.10). Lastly, the only significant difference found within handle designs having
a shoulder handle height was the SH handle design which resulted in significantly
greater (p=0.00714) hand force than the SV handle design (Table 4.10). All of these
specific findings on biological sex are supplied in a visual representation as Figure 4.16.

Figure 4.16. Force (N) (Mean ± SD) values separated by biological sex between handle
designs at the initiation of the push.
Key Findings:
•
•
•

SH and SS handle designs resulted in larger hand forces.
Among males, the HV handle design resulted in the greatest amount of hand force.
Among Females, the SS handle design resulted in the greatest amount of hand force.
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5.0 Discussion
This research study examined the effects of handle design on one's trunk muscle
activity and hand force when pushing a platform truck. There have been few studies that
investigated the muscle activity of the trunk during pushing tasks, which is surprising as
pushing tasks are common in the workplace and often considered a full-body task. The
results of this study will add to the literature regarding the impact pushing has on the
trunk muscles which may lead to a greater understanding of the underlying physiology
during pushing tasks. Furthermore, the advent of new techniques to examine muscle
activity in the field has led to increased research in ergonomics using newer methods
such as HDEMG. This study, to our knowledge, was one of the few studies to use
HDEMG in an ergonomic study, let alone among previous pushing task research.
5.1 The Use of High-Density Electromyography in Ergonomic Studies
Surface EMG (sEMG) is regularly used in the field of ergonomics and likewise
in terms of handle design research. Table 2.1 summarized recent research that has used
sEMG to examine different aspects of handle design. However, none of these studies
incorporated the use of HDEMG and researchers often restricted their research to the use
of the more commonly used bipolar EMG. In comparison to previous single-channel or
intramuscular recordings, HDEMG has a major advantage as it provides spatial
information as well as time-varying aspects of the EMG signal (Blok, Van Dijk, Drost,
Zwarts, & Stegeman, 2002). Hence, the use of HDEMG has led to several advancements
in terms of how muscle activity is interpreted by using such two-dimensional (2D)
features. Previous research supports the use of HDEMG as the use of larger arrays of
electrodes improved EMG based force estimation by approximately 30%, compared to
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conventional bipolar electrodes (Staudenmann, Kingma, Stegeman, & Van DieeÅN,
2005). Additionally, Rojas-Martnez, et al. (2012), found that the muscle intensity and
spatial distribution based on HDEMG maps could be useful in applications where the
identification of movement intention and its strength is needed. Thus, the present
research stands among the few studies that have involved HDEMG in ergonomic
research and provides an enriched perspective of muscle activity and patterns in
response to various handle designs when pushing carts.

5.2 Major Findings
Major findings from this research includes both HDEMG and hand force values
at the different phases of an initiated push. During the actual initiation of the push, the
HH handle design decreased the average muscle activity based on the HDEMG mean
RMS values. Recent research investigating pulling tasks found that EMG amplitude
values were greater for shoulder and trunk muscles when pulling at a handle height of
150 cm compared to a height of 100 cm (Chow, La Delfa & Dickerson, 2017). Thus, our
results are consistent with those of Chow et al. (2017) indicating lower muscle activity is
also achieved when pushing with a lower handle height. Contrary to the present study,
research conducted by Lee, Hoozemans, & Dieën (2011) involving participants pushing
a 200-kg cart, showed decreased muscle activity and trunk stiffness produced when
using a shoulder height compared with the hip height. However, the muscle activity
presented in Lee, Hoozemans, & Dieën (2011) research was recorded using bipolar
sEMG, thus limiting the a full perspective of the muscle fibers by inhibiting the access
to examine the muscle activity of a larger surface area of the muscle. Hence, the current
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study further expands the research surrounding trunk muscle involvement at the
initiation of a push by interpreting muscle activity using HDEMG.
While the muscle activity fluctuated among trunk muscles when using various
designs, further differences were detected that suggest altercations in muscle fibre
patterns based on the handle design used. The homogeneity and heterogeneity of muscle
fibres across a given muscle aide in examining the level of muscle clustering. For
instance, a handle design resulting in increased homogeneity of a muscle indicates that a
greater proportion of that muscle is active as a result of alteration in spatial distribution
pattern of sEMG within a muscle, allowing researchers to possibly estimate a motor unit
recruitment pattern (Watanabe, Kouzaki, Ogawa, Akima, & Moritani, 2018). Among
the present study’s findings, most hip height handle designs showed increased entropy
values compared to the SS and SV handle designs, suggesting that the use of hip height
handle designs increased the homogeneity of the trunk muscle fibres when initiating the
push. Typically, greater homogeneity observed based on changes in the spatial
distribution of the HDEMG refers to a participant needing to recruit a greater proportion
of motor units to complete a given task. However, due to the muscle activity being
significantly lower among hip height handle designs compared to shoulder-based handle
designs, the difference in entropy instead provide insight regarding the muscle fibres
patterns and muscle fibre types in use. Nevertheless, the current study was merely a
snapshot of the initiation of a push which may differ from how a worker may
physiologically respond over a longer period.
Additionally, the majority of participants involved in the current study selfselected as right-handed and right leg dominant, suggesting that the right side of the
participants' bodies may overcompensate during the task. This concern may be accurate
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because all left-sided trunk muscles had greater coefficient of variation values initiating
a push with the SS handle design. This indicates that there were further inconsistent
muscle patterns observed in the heat intensity maps pushing with the SS handle design
and therefore increasing the heterogeneity of muscle fibres in the trunk when using such
handle designs. Yet due to the increased amount of muscle activity observed when
ousting with the SS handle design, a similar assumption can be made that such handle
design resulted in the ineffective use the muscle fibres patterns and muscle fibre types.
At the initiation of the push, the hand forces applied by participants varied
depending on the handle design used. Overall, the use of all three-shoulder height-based
handle designs (SS, SH, SV) resulted in greater hand forces than the hip height handle
designs (HS, HH, HV). These findings are inconsistent with Van der Woude, Van
Koningsbruggen, Kroes, & Kingma, (1995) who found that pushing 28kg wheelchairs
with a hip height of 92 cm, was not favourable for pushing tasks with respect to applied
force, and further suggested that pushing with hip handles put older females at an
increased risk of L5-S1 low back pain when pushing the wheelchair onto the pavement.
While the load in Van der Woude, et al. (1995) research was small compared to the
current study, it would be expected than that those risks of low back pain would escalate
with a load such in the present study. Yet, based on the current study’s’ results, the HH
handle designs attributed to the lowest amount of hand force applied to the cart when
initiating the push, and the shoulder handle heights caused the highest amount of hand
force. Based on the findings involving muscle activity of the trunk muscles when
pushing the cart it is suspected that the lower applied hand force affected the amount of
muscle activity instigated in the trunk. Thus, the use of the HH handle design minimized
the amount of force required to complete the identical pushing task to that of the
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shoulder height handle designs (SH, SS, SV), and therefore allowed for less muscle
activity accordingly.
The present study is currently the only study, to our knowledge, to investigate
trunk muscle response at the peak force of the push. Interestingly, the significant
differences among HDEMG features during the peak phase of a push were different
from the initiation of the push suggesting differences in muscle activity patterns. Among
shoulder heights, the SH handle design required less muscle recruitment as demonstrated
by mean RMS, than both the SS and SV handle designs. These findings are inconsistent
with previous handle orientation research as it has been reported that a pronated forearm
(horizontal orientation) limited the grip force capacity for the worker and in turn, their
total pushing strength capacity (Mogk & Keir, 2003). Likewise, another study found that
lower forces were applied during whole-body pushing task exertions when using
horizontal handles which, in turn, may increase a worker's physiological response during
the task to produce more force than required for a pushing task (Okunribido et al., 2008).
However, at the peak phase of the push, no significant differences regarding muscle
activity were found between handle designs of different handle heights.
Similar to our previous findings suggesting muscle side differences during the
initiation of the push, during the peak force of the push, left-sided trunk muscles had
significantly greater mean RMS values than compared to the right-sided trunk muscles.
This difference in muscle activity, as reported by the greater mean RMS values was only
seen pushing with the SV handle design when compared to the HH handle design. This
suggests that as the progress of the push continued, trunk muscles were required to
increase their demand to successfully continue the task. However, these findings pertain
exclusively to left-sided trunk muscles meaning that there is a possibility that this handle
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design (SV) increased the muscle involvement of the left-sided muscles to meet the
demands of the task and not relying exclusively on a participant’s right-sided muscles.
This increase in muscle activity of the left-sided trunk muscles may allow for muscle
symmetry during a bilateral pushing task instead of having a particular muscle side
overcompensating for another, but still involves significantly greater muscle activity
overall. Therefore, the differences in handle design should be further examined by
incorporating the use of biomechanical modelling to better understand the kinematics
involved with pushing tasks.
Comparing handle designs and their peak hand forces when pushing found that
the use of the SH and SS handle designs produced the largest hand forces. These
findings contradict current research that suggests that both pushing and pulling with a
vertical handle produced an 11% greater maximum push/pull force than for the
horizontal handle (Seo, Armstrong & Young (2010). Typically, this is due to a vertical
handle allowing for mechanical interference that prevents the hand from slipping and
allows the upper-body push force to be applied directly against the handle, thus
contributing to greater push force than compared with the horizontal handle (Seo,
Armstrong and Young, 2010). The increase in mechanical interference with the vertical
based handle may be a crucial element of handle design for pushing greater loads, such
as the 216 kg load involved with the current study. This is evident when comparing the
handle designs within males as the HV handle design produced the greatest amount of
applied hand force. Yet, females were consistent with the study’s overall findings, as
they produced the greatest amount of hand force pushing with the SS handle design.
Based on the initiation and peak of the push hand force results, it remains evident that
the majority of shoulder height handle designs (SS and SH) increased the required
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applied hand forces throughout the push, regardless of the task requirements being
consistent throughout testing. Therefore, the use of the hip height handle designs
minimized the amount of hand force required to complete the instructed pushing task,
and thus maximizing the output of the worker with respect to the trunk muscles.
Regardless, future research should further investigate the sustained and end phase of a
push to fully understand the influence of shoulder-based handle designs.

5.3 The Importance of Handle Design and Pushing Tasks
It’s estimated that 50% of all manual material handling tasks performed by
workers involve pushing and/or pulling (Baril-Gingras and Lortie, 1995), however, this
percentage is rapidly increasing due to lifting and lowering tasks being replaced with
pushing and pulling tasks (Resnick and Chaffin, 1995; Al- Eisawi et al., 1999a; Laursen
and Schibye, 2002; Kingma et al., 2003; Ciriello, 2004; Jung et al., 2005) in attempt to
lower the injury risks and maximize productivity. This is evident as studies early on
found that that 80% of the carts currently used by workers are pushed more than once
per day, and 30% are pushed more than 10 times per day (Mack et al., (1995).
Unfortunately, as the use of pushing tasks increase, the limitations within the Snook
Tables remain unexplored and unrealistic to the industries' increased demand.
Furthermore, as the demand for pushing tasks has increased over the years the research
investigating handle design and pushing tasks has remained inconsistent and limits the
innovation of current industry practices and designs. As of 2020, there has been no
change with regards to the CCOHS recommendations towards workers pushing with a
horizontal handle with a handle height of between 91 cm and 112 cm above the floor
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(Canadian Centre for Occupational Health & Safety, 2018). This CCOHS
recommendation is published as an industry-standard, yet industries purchasing platform
carts have a varying selection in terms of handle height an employer could purchase a
platform truck having 81.28 cm to 104.14 cm high handles (Wesco Industrial Products,
2017). Regardless, the majority of the handle orientations offered on the market involve
a horizontal handle orientation. It is unclear why the standard design initially and
continually remains as a horizontal handle orientation, but it is evident from the current
study that a HH handle design was the most favourable physiologically in terms of trunk
muscles due to its decrease of muscle activity and homogeneity of the muscle fibres,
which could only have been determined through the use of HDEMG. Likewise, pushing
with a hip height handle design limited the amount of hand force participants were
required to use during the task regardless of the phase of the push. While there was
already precedent concerning trunk muscles due to the lack of research involving that
particular muscle group, previous studies have reported evidence that approximately 9–
18% of all low-back injuries are associated with pushing and pulling based tasks (Snook,
1978; Frymoyer et al., 1980; NIOSH, 1981; Damkot et al., 1984; Klein et al., 1984;
Metzler, 1985; Harber et al., 1987; Pope, 1989; Lee et al., 1992; Garg and Moore, 1992;
Meyers et al., 1993). Therefore, the present study’s findings suggest that the use of a HH
handle design may decrease a worker’s susceptibility to musculoskeletal based injuries
of the trunk, including their low back, during the initial phases of a push because of
significantly lower muscle activity and homogenous muscle patterns of the trunk,
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5.4 Limitations
5.4.1 Methodological
The first limitation of the present study was the choice of limiting the push
distance to five meters, as opposed to a further and more realistic distance for workers.
Current guidelines are based on pushing a 227 kg cart, 200 times per an 8-hour shift over
a maximal distance of 33 meters at a time (Canadian Centre for Occupational Health:
Pushing & Pulling – Handcarts, 2019). Completing a similar protocol to the present
study, but with a longer push distance would allow for more insight regarding handle
design and the additional phase of a pushing task such as the sustained and ending of a
push.
Another limitation regarding handle design is that only two aspects of handle
design were investigated in the current study. While this study is one of the few studies
comparing the relationship between multiple factors of a handles design, introducing
additional factors such as interhandle distance, and/or handle tilt, and/or the introduction
of an elbow height handle might have further impacted the findings. A considerable
amount of research has also been reported on the impacts of other design factors of the
cart that includes aspects of the cart’s castors such as diameter, material, and height.
Hence, future research requires the inclusion of these other design factors that may
prove to add physiological impacts when pushing carts.
Additionally, the anthropometric values used for females and males’ average hip
and shoulder heights were based on Bodyspace: Anthropometry, Ergonomics and The
Design of Work (Pheasant, 2006). This anthropometric data is older, and a more recent
set of anthropometric tables may prove to be more reflective of the current population of
the worker.
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Furthermore, there was a considerable selection bias regarding the present study
as individuals who participated were young and in good physical health. Part of this is
due to the limitations surrounding the use of HDEMG and those who have larger
amounts of adipose tissue in their trunk as this would prevent accurate signals from the
muscles. Nonetheless, future research should include older adults and other populations
that may have a higher risk of injury due to manual material handling.
5.4.2 Technological
The most impactful limitations affecting this study, namely data collection, were
a result of hardware malfunctions. The interface force transducer faulted after data
collection commenced and created a significant amount of issues in terms of signal
noise. This repeated error during data collection led to several participants having to quit
testing and attend the lab for another data collection session thereafter. This resulted in
extended testing time and limited the number of participants (i.e., the sample size) that
could be collected for this study.
Additionally, there were some connectivity issues with the Sessenquattro and the
HDEMG grids which led to data loss for some participants. These participants had to
have their affected trials retested, which may have added inconsistency to the data as
fatigue may have played a factor. However, it is believed that these effects are negligible
as the trials completed during testing were spaced out with a long enough rest period for
the participant, and thus limiting the influence of fatigue.
Furthermore, based on the current study’s findings involving muscle side future
studies should incorporate biomechanical modelling to accurately investigate the
impacts of foot placement and its impact on trunk muscles when pushing.
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5.4.3 Sample Population
A leading limitation of the present study is that the sample of individuals
evaluated was measured as having greater overall strength than the average Canadian.
We found males to have an average grip strength of 47.2 ± 9.0 kg for their dominant
hand, and 46.9 ± 7.20 kg for their non-dominate hand. Furthermore, females had
considerably less force than male participants as their average grip strength was 29.7 ±
6.7 kg for their dominant hand and 28.2 ± 7.0 kg for their non- dominant hand. In
comparison, Statistics Canada Canadian Health Measures Survey, the average males’
maximum grip strength was recorded as 42.8kg, while the average females were 26.2 kg
(Wong, 2016). The Canadian Health Measures Survey involved participants ranging
from the age of 6 to 79. Therefore, it’s likely that the sample population involved in this
study were considerably stronger than the average Canadian worker. This could have
resulted in stronger trunk muscles which may have suggested greater muscle activity as
measured by HDEMG as well as higher push force than older or more experienced
workers. Future research should examine a representative population of workers in an
attempt to determine if these findings are similar with that population and also to help
improve the design of cart handles.
In addition, in this study all participants were trained and advised on proper
technique when pushing the cart as part of the research protocol. This is may not be the
case among individuals working in industries involving pushing tasks. This training may
have influenced the results of the present study and future work should investigate
experienced MMH workers and use their established protocols for cart use to determine
the impact of handle design.
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Finally, participants in this study were instructed to wear comfortable clothes that
allowed for easy access to the trunk muscles for surface electrode placement (i.e., shorts, running
shoes, etc.). They were also not required to wear steel-toed boots. In the workplace, workers are
typically required to wear steel-toed work boots, pants, and gloves. This difference in clothing
may have impacted the results and therefore, future research should require participants to wear
industry standard gear to help accurately reflect typical work operations.

5.5 Directions for Future Research
Future research should address the previously mentioned limitations. In addition
to those limitations, it would be of interest to investigate if the same hand force and
HDEMG muscle activity and pattern are seen among other muscle groups such as the
upper back, arms, legs and thighs. Pushing tasks are commonly referred to as a full-body
task (Moore, Nimbarte, & Sun, 2013), yet most research limits to investigating the
muscle activity of specific segments of the body. Most commonly, previous research has
investigated the impacts of pushing task intensity to injury-prone body locations such as
the knees, the shoulders, and the lower back (Malchaire, Cock, & Robert, 1996), yet the
current study is the first of its kind to explore the lower back and trunk using the
advancements of EMG. The methodology used in the current study proved successful
for ergonomic based research and therefore be applied in future studies investigating
other muscle groups involved in pushing tasks. If findings are similar among additional
muscle groups, then there is the potential to innovate current handle design practices to
not induce as much demand on the musculoskeletal system. Furthermore, the present
study showcased the effective use of HDEMG in ergonomic based research that could be
further adapted to other MMH tasks to gain a deeper perspective of muscle activity
during pulling, lifting, lowering, etc.
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5.6 Conclusion
The purpose of this study was to examine the effects of handle design on trunk
muscle activity and hand force when pushing a platform truck. Identifying potential risk
factors associated with different handle designs when pushing heavy loads is essential
for developing better work protocols, training and most importantly a better-designed
handle that promotes the optimal performance of the worker. The use of HDEMG
allowed for the detailed mapping of the trunk muscles which provided greater insight
into muscular activity compared to previous ergonomic studies. One of the most
commonly used resources based on ergonomic research is the Snook tables that were
originally published by Snook in 1978, and further changed in 1991 by Snook and
Ciriello. The main limitation involving these tables are the study’s use of subjective
psychophysics and not collecting data concerning objective muscle activity, let alone
HDEMG. The results from the present study suggest that further understanding of the
trunk musculature can help to inform that the HH handle design provides the most
desirable design as it was the most promising to reduce physiological impact on the
trunk muscles. Also, the SS handle design presented as being the least favourable among
trunk muscles based on spatial distribution and muscle activity, however it’s essential
that future research helps determine if this finding is consistent among other segments of
the body when pushing. With future research incorporating additional muscle groups a
more suitable ergonomic handle design could be developed to diminish the risk of injury
to workers. This research will help to determine optimal work protocols when using
industrial carts that may have improper handle design, as well as promote the use of
HDEMG among other forms of MMH.
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Appendix A
Information Letter for Participants
Project: The implications of various handle designs on the trunk muscle activity during
pushing tasks
Location: Andrew and Marjorie McCain Human Performance Lab, RICHARD J
CURRIE CENTRE, University of New Brunswick
Principal Investigators:

Jacqueline Toner, Graduate Student, Faculty of
Kinesiology, UNB Tel: (506)-652-2152 Email:
Jackie.toner@unb.ca
Usha Kuruganti, Professor, Faculty of Kinesiology, UNB,
Tel: (506)-447-3101 Email: ukurugan@unb.ca

Purpose:
The purpose of this research is to examine trunk muscle activity during pushing tasks
with an industrial cart fitted with handles of different orientation and height.
Procedures:
All participants will be required to participate in this experiment during a data collection
session for approximately 2.5 hours. Parking is available onsite if needed and offered to
participants partaking in the study. During the first few minutes after arriving to the lab,
you will be provided with an overview of the testing protocol. Research staff will then
take standard anthropometric measurements (height weight, age, sex, handness).
Once the anthropometric data has been collected, you will be asked to complete a
strength test using a handgrip measurement. You will be asked to hold the dynamometer
in your strong hand and exert as much force as possible, followed by your less strong
hand. You will be provided with an opportunity to become comfortable with the
handgrip measurement device, and once you are comfortable, testing will commence.
Electromyography (EMG) sensors will be placed on the skin of your trunk muscles
(erector spinae/rectus abdominis/obliques) to help researchers measure the activity of the
muscles. The EMG grids are roughly the size of an iPhone each, one being on both the
left and right sides. One trunk muscle (Left/Right) will be investigated per day, totalling
three separate days of data collection
You will then be asked to complete maximum voluntary contraction exercises (MVCs)
for the muscles having sensors. These exercises require you to complete a movement
restricted by resistance. This will tell us how strong each muscle is and allow us to
determine what percentage of your maximum strength is used while performing work
tasks while ensuring the signal is clear.
You will then be asked to complete 18 trials of pushing a standard industrial cart. Each
trial will have a combination of different handle orientation and handle height. A
minimum of 2-minute rest will be in between each trial.
101

All data will be coded such that your identity (Name, age, sex, etc) cannot be
determined. The data will be maintained for a maximum of seven years; however, it will
be secured with access limited to the Principal Investigator. This data may be used for
comparison with future clinical studies.
Participation in this study is voluntary. At any time, you may withdraw from the
research or withdraw any data pertaining to you without penalty. Any data collected by a
participant that has withdrawn from the study will be permanently deleted.
Confidentiality
The identity of the participant will be kept strictly confidential. Any scientific report,
presentation, or publication of the data will refer to the participant using only a subject
number. This unidentifiable data (Handgrip strength, anthropometrics, hand forces,
EMG)) may also be shared with other research institutions currently collaborating with
the Faculty of Kinesiology at the University of New Brunswick. Information on the
participant’s sex, age, handedness and grip strength values may be used.
Risks of Participation: There is minimal known risks to participating in this study.
Benefits: This research will allow the investigators to examine muscle requirements
during the pushing of heavy loads. This research will also help develop better job
protocols to minimize the risk exposure more suited ergonomic handle design to avoid
injury and fatigue of workers.
Feedback/Concerns: If you have any concerns about this research you are encouraged
to speak with the Principal Investigator. In addition to contacting the Principal
Investigator, if there are problems or concerns you can also contact the Dean of the
Faculty, Dr. Wayne Albert (walbert@unb.ca;1-506-453-4576). This project is on file
with the University Research Ethics Board as REB 2019-060.
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Appendix B
Consent Form for Participation
Consent: By signing this agreement you agree with the following statements:
I have read and understood the information provided in the "Information Letter for
Participants.”
I understand the purpose, procedures and risks of this study and any questions or
clarifications I have requested have been explained to my satisfaction by the researcher.
I understand and I will be required to participate in this experiment on three sperate days
(a minimum of 24 hours apart) for approximately 1 hour each time.
I understand that any data presented or published in scientific journals will eliminate any
identifying information (name, age, etc) and that my individual data will be kept
confidential.
I understand that the data will be maintained for a maximum of seven years in a secured
location and may be accessed by the Principal Investigator for future research.
I understand that clips of the video analysis may be used during the research
presentation, and I ALLOW/DO NOT ALLOW (please circle one) the primary
investigators to include my video data in their presentation.
I understand that I am free to withdraw my consent and discontinue participation in the
study without any consequences at any time. Any data collected by a participant that has
withdrawn from the study will be permanently deleted.

Participant: _________________ Signature: ________________ Date: ___________
Investigateur: ________________ Signature: ________________ Date: ___________
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Appendix C
Participant Information Form
Participant Information (all information is to be kept private):
Participant Name: _____________________
Weight: _____ (kg) Height: _____ (m)
Date of Data Collection: __ - __ - 20__
Occupation: ______________
Hand Dominance: ______________
Dominant Leg: ______________

Participant number: _____
Age: _______

Potential Health Concerns that require exclusion
A fracture or dislocation of the spine
A torn or ruptured disc
Cauda equina syndrome
Having a fused spine
Scoliosis/Kyphosis/Lordosis
Spondylosis
Grip Strength Testing
Max Value

Dominant Hand
(_____________)

Non-Dominant Hand
(____________)

Measurement 1
Measurement 2
Additional notes about participant:
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
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Appendix E

Trial RPE Data Tracking Sheet
Muscle Tested:

Erector Spinae

Rectus Abdominis

External Obliques

Trial 1
Handle Height:
HIP SHOULDER
Handle Orientation: HORIZONTAL
VERTICAL SEMI-PRONATED
Borg Rating of Perceived Exertion (RPE) Scale Value: __________
Posture Approved By Standards: ( YES / NO )

Trial 2
Handle Height:
HIP SHOULDER
Handle Orientation: HORIZONTAL VERTICAL SEMI-PRONATED
Borg Rating of Perceived Exertion (RPE) Scale Value: __________
Posture Approved By Standards: ( YES / NO )

Trial 3
Handle Height:
HIP SHOULDER
Handle Orientation: HORIZONTAL VERTICAL SEMI-PRONATED
Borg Rating of Perceived Exertion (RPE) Scale Value: __________
Posture Approved By Standards: ( YES / NO )

Trial 4
Handle Height:
HIP SHOULDER
Handle Orientation: HORIZONTAL VERTICAL SEMI-PRONATED
Borg Rating of Perceived Exertion (RPE) Scale Value: __________
Posture Approved By Standards: ( YES / NO )

Trial 5
Handle Height:
HIP SHOULDER
Handle Orientation: HORIZONTAL VERTICAL SEMI-PRONATED
Borg Rating of Perceived Exertion (RPE) Scale Value: __________
Posture Approved By Standards: ( YES / NO )

Trial 6
Handle Height:
HIP SHOULDER
Handle Orientation: HORIZONTAL VERTICAL SEMI-PRONATED
Borg Rating of Perceived Exertion (RPE) Scale Value: __________
Posture Approved By Standards: ( YES / NO )
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Appendix D
Personal Handle Survey
Participant Name:_______________________________
Participant Number: ____________________________________
Handle Orientation Survey
Please select your answer by marking in an ‘X’ where you agree with the statement.
Limited to one answer per question.
Horizontal
Handle

Semi-Pronated
Handle

What handle orientation did you prefer while pushing

Handle Height Survey
Please select your answer by marking in an ‘X’ where you agree with the statement.
Limited to one answer per question.
Hip
Height

Shoulder
Height

What handle orientation did you prefer while pushing

Other:
If you had any personal suggestions for overall handle design either from this experience
or other experiences outside of this experiment what might you alter?
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Vertical
Handle

Appendix F
Table F.1 Mean ± standard deviation of all participants' HDEMG variables during the initiation phase of the push depending on handle design,
trunk muscle, and muscle side.
Handle
Height

Handle
Orientation

Muscle
Name

Horizontal
Hip

SemiPronated
Vertical
Horizontal

Shoulder

Erector
Spinae

SemiPronated
Vertical
Horizontal

Hip

SemiPronated
Vertical

Shoulder

Horizontal
SemiPronated

External
Obliques

Muscle
Side
Left

-1.53 ± 1.1

Differential
Intensity
-1.95 ± 0.4

4.27 ± 0.44

Coefficient of
Variation
45.09 ± 21.03

Mean RMS
(uV)
0.07 ± 0.08

Median
Frequency (Hz)
91.35 ± 21.54

Right

-1.52 ± 1.2

-2.02 ± 0.6

3.75 ± 1.31

67.16 ± 65.74

0.16 ± 0.32

95.58 ± 30.94

Left

-0.83 ± 0.4*

-1.83 ± 0.3

4.06 ± 0.5

54.69 ± 23.59

0.25 ± 0.28*

82.72 ± 16.03

Right

-0.91 ± 0.4*

-1.8 ± 0.3

4.24 ± 0.5

46.97 ± 25.28

0.19 ± 0.2*

82.06 ± 19.94

Left

-0.95 ± 0.4*

-1.89 ± 0.4

4.03 ± 0.85

54.71 ± 37.97

0.18 ± 0.18

84.29 ± 24.35

Right

-1.2 ± 0.4*

-2.06 ± 0.4

4.25 ± 0.45

45.35 ± 22.12

0.09 ± 0.1

87.49 ± 28.8

Left

-1.17 ± 0.3*

-1.98 ± 0.4

3.92 ± 1.02

62.03 ± 52.09

0.09 ± 0.07

91.63 ± 24.06

Right

-1.36 ± 0.5*

-2.16 ± 0.4

3.98 ± 0.92

55.76 ± 41.96

0.08 ± 0.09

108.69 ± 26.53

Left

-1.03 ± 0.5*

-1.91 ± 0.3

3.76 ± 0.94*

72.62 ± 63.36*

0.19 ± 0.23*

93.92 ± 24.49

Right

-1.26 ± 0.5*

-2.11 ± 0.5

4.17 ± 0.97*

53.37 ± 65.15

0.11 ± 0.17*

106.26 ± 31.56

Left

-1.02 ± 0.3*

-1.95 ± 0.3

3.74 ± 0.77*

67.43 ± 36.87

0.12 ± 0.08

92.17 ± 25.29

Right

-1.21 ± 0.4*

-2.12 ± 0.4

4.13 ± 0.84*

50.26 ± 38.42

0.11 ± 0.19

97.14 ± 18.96

Left

-1.4 ± 0.3

-2.08 ± 0.3

4.26 ± 0.57

42.36 ± 26.08

0.05 ± 0.04

101.04 ± 21.22

Right

-1.36 ± 0.2

-2.05 ± 0.2

4.07 ± 0.8

53.01 ± 37.44

0.05 ± 0.02

104.21 ± 21.64

Left

-1.08 ± 1.1*

-1.4 ± 1.7

4.03 ± 0.82

48.86 ± 39.39

0.06 ± 0.05*

95.2 ± 21.05

Right

-1.12 ± 1.1*

-1.49 ± 1.7

4.23 ± 0.65

38.88 ± 24.9

0.06 ± 0.05*

93.94 ± 21.49

Left

-1.26 ± 0.4*

-1.86 ± 0.1

4.03 ± 0.62

54.37 ± 27.71

0.08 ± 0.06

92.68 ± 23.92

Right

-1.38 ± 0.3*

-2.1 ± 0.2

4.3 ± 0.47

41.05 ± 22.21

0.05 ± 0.04

103.07 ± 25.24

Left

-1.16 ± 0.4*

-1.98 ± 0.2

4.21 ± 0.72

47.31 ± 35.85

0.11 ± 0.12

82.27 ± 19.2

Right

-1.18 ± 0.4*

-1.96 ± 0.3

4.3 ± 0.46

42.44 ± 19.68

0.09 ± 0.08

Left

-1.05 ± 0.4*

-1.86 ± 0.2

4.05 ± 0.6*

57.02 ± 28.59*

0.12 ± 0.1*

88.08 ± 19.54
78.48 ± 21.38

Intensity

Entropy
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Vertical
Horizontal
Hip

SemiPronated
Vertical
Horizontal

Shoulder

SemiPronated
Vertical

Rectus
Abdominis

Right

-1.2 ± 0.4*

-1.96 ± 0.3

4.25 ± 0.49*

45.59 ± 22.28

0.1 ± 0.11*

86.09 ± 21.16

Left

-1.1 ± 0.5*

-1.98 ± 0.3

4.06 ± 0.71*

53.96 ± 35.97

0.12 ± 0.1

87.44 ± 26.49

Right

-1.17 ± 0.5*

-1.92 ± 0.3

4.2 ± 0.64*

47.07 ± 27.2

0.1 ± 0.09

93.01 ± 22.96

Left

-1.61 ± 0.3

-2.14 ± 0.3

4.25 ± 0.45

42.8 ± 24.16

0.03 ± 0.02

114.69 ± 32.86

Right

-1.69 ± 0.2

-2.31 ± 0.3

4.26 ± 1.05

47.3 ± 72.32

0.02 ± 0.01

123.38 ± 32.28

Left

-1.25 ± 0.5 *

-2.04 ± 0.3

3.86 ± 0.96

68.99 ± 62.38

0.13 ± 0.19*

106.22 ± 25.52

Right

-1.38 ± 0.5*

-2.21 ± 0.4

3.6 ± 1.1

75.2 ± 58.46

0.08 ± 0.11*

115.79 ± 27.19

Left

-1.38 ± 0.6*

-2.09 ± 0.3

3.99 ± 0.77

58.46 ± 42.2

0.1 ± 0.2

110.41 ± 23.69

Right

-1.5 ± 0.4*

-2.33 ± 0.3

4.32 ± 0.42

41.09 ± 19.67

0.05 ± 0.07

114.37 ± 31.05

Left

-1.38 ± 0.5*

-2.26 ± 0.1

4 ± 0.86

55.2 ± 43.74

0.08 ± 0.09

110.14 ± 30.59

Right

-1.41 ± 0.5*

-2.23 ± 0.2

4.21 ± 0.63

45.04 ± 27.78

0.07 ± 0.09

118.54 ± 37.14

Left

-1.19 ± 0.5*

-1.88 ± 0.5

3.63 ± 0.98*

77.8 ± 57.36*

0.12 ± 0.15*

102 ± 34.9

Right

-1.48 ± 0.4*

-2.11 ± 0.3

3.84 ± 1.1*

65.78 ± 61.39

0.06 ± 0.1*

112.1 ± 30.19

Left

-1.1 ± 0.6*

-1.94 ± 0.4

3.66 ± 0.89*

73.86 ± 42.66

0.22 ± 0.47

94.86 ± 27.91

Right

-1.26 ± 0.6*

-2.11 ± 0.3

3.85 ± 0.98*

68.25 ± 60.93

0.15 ± 0.3

106.36 ± 31.01

* = significant difference with the horizontal orientation and hip height handle design
= significant difference with the semi-pronated orientation and hip height handle design
D = significant difference with the vertical orientation and hip height handle design
à
= significant difference with the horizontal orientation and shoulder height handle design
= significant difference with the semi-pronated handle orientation and shoulder height handle design
ᶲ = significant difference with the vertical handle orientation and shoulder height handle design
^
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Table F.2 Mean ± standard deviation of female participants HDEMG variables during the initiation phase of the push depending on handle design,
trunk muscle, and muscle side.
Handle
Height

Handle
Orientation

Muscle
Name

Horizontal
Hip

Semi-Pronated
Vertical
Horizontal

Shoulder

Erector
Spinae

Semi-Pronated
Vertical
Horizontal

Hip

Semi-Pronated
Vertical
Horizontal

Shoulder

Semi-Pronated
Vertical

External
Obliques

Muscle
Side
Left

-1.29 ± 0.4

Differential
Intensity
-1.95 ± 0.4

Entropy
4.28 ± 0.5

Coefficient of
Variation
44.18 ± 23.01

Mean RMS
(uV)
0.08 ± 0.11

Median
Frequency (Hz)
94.16 ± 26.12

Right

-1.27 ± 0.7

-2.02 ± 0.6

3.59 ± 1.62

77.62 ± 84.78

0.21 ± 0.43

101.44 ± 38.95

Left

-0.89 ± 0.3

-1.83 ± 0.3

4.03 ± 0.52

55.4 ± 24.51

0.18 ± 0.21

82.05 ± 14.61

Right

-0.91 ± 0.4

-1.8 ± 0.3

4.27 ± 0.42

45.56 ± 21.22

0.2 ± 0.21

82.88 ± 19.91

Left

-1.07 ± 0.3

-1.89 ± 0.4

3.78 ± 1.11

65.02 ± 49.08

0.11 ± 0.08

88.17 ± 24.14

Right

-1.25 ± 0.3

-2.06 ± 0.4

4.24 ± 0.53

45.08 ± 25.34

0.08 ± 0.08

94.58 ± 32.37

Left

-1.08 ± 0.3

-1.98 ± 0.4

3.57 ± 1.33

78.87 ± 68.64

0.11 ± 0.08

97.37 ± 28.72

Right

-1.37 ± 0.4

-2.16 ± 0.4

4.2 ± 0.37

46.51 ± 17.82

0.06 ± 0.06

113.14 ± 28.18

Left

-1.04 ± 0.3

-1.91 ± 0.3

3.96 ± 0.75

56.2 ± 34.59

0.11 ± 0.1

86.43 ± 24.67

Right

-1.24 ± 0.5

-2.11 ± 0.5

3.98 ± 1.34

66.16 ± 91.19

0.1 ± 0.12

115.27 ± 26.29

Left

-1.01 ± 0.4

-1.95 ± 0.3

3.65 ± 0.94

69.72 ± 46.35

0.12 ± 0.07*

93.14 ± 30

Right

-1.23 ± 0.5

-2.12 ± 0.4

4.15 ± 0.72

48.55 ± 33.09

0.13 ± 0.27*

106.01 ± 15.91

Left

-1.29 ± 0.3

-2.08 ± 0.3

4.31 ± 0.51

40.59 ± 24.86

0.06 ± 0.04

97.46 ± 19.04

Right

-1.28 ± 0.2

-2.05 ± 0.2

4.11 ± 0.44

51.16 ± 18.21

0.06 ± 0.02

103.03 ± 18.95

Left

-0.7 ± 1.5

-1.4 ± 1.7

3.9 ± 1.03

50.94 ± 51.29

0.09 ± 0.05

92.12 ± 19.74

Right

-0.73 ± 1.5

-1.49 ± 1.7

4 ± 0.75

45.73 ± 29.87

0.08 ± 0.05

86.37 ± 19.7

Left

-1.03 ± 0.3

-1.86 ± 0.1

3.88 ± 0.67

62.49 ± 29.83

0.11 ± 0.05

81.08 ± 18.49

Right

-1.23 ± 0.2

-2.1 ± 0.2

4.28 ± 0.44

42.68 ± 19.33

0.07 ± 0.04

96.47 ± 26.1

Left

-1.07 ± 0.2

-1.98 ± 0.2

4.19 ± 0.49

48.29 ± 23.42

0.09 ± 0.03

83.21 ± 22.06

Right

-1.05 ± 0.2

-1.96 ± 0.3

4.24 ± 0.4

45.57 ± 17.78

0.1 ± 0.06

89.4 ± 24.42

Left

-1.01 ± 0.3

-1.86 ± 0.2

3.84 ± 0.75

65.78 ± 34.55

0.12 ± 0.05

81.55 ± 21.57

Right

-1.12 ± 0.4

-1.96 ± 0.3

4.09 ± 0.63

52.36 ± 28.44

0.11 ± 0.12

85.97 ± 23

Left

-1.08 ± 0.4

-1.98 ± 0.3

4.02 ± 0.89

54.34 ± 45.28

0.12 ± 0.1*

90.43 ± 22.97

Intensity
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Horizontal
Hip

Semi-Pronated
Vertical
Horizontal

Shoulder

Semi-Pronated
Vertical

Rectus
Abdominis

Right

-1.08 ± 0.4

-1.92 ± 0.3

4.2 ± 0.42

47.87 ± 18.06

0.12 ± 0.11*

92.45 ± 24.4

Left

-1.54 ± 0.3

-2.14 ± 0.3

4.25 ± 0.36

45.2 ± 18.81

0.03 ± 0.02

104.39 ± 28.63

Right

-1.69 ± 0.2

-2.31 ± 0.3

4.5 ± 0.23

32.95 ± 14.35

0.02 ± 0.01

121.33 ± 33.58

Left

-1.21 ± 0.6

-2.04 ± 0.3

4.14 ± 0.51

51.47 ± 25.65

0.14 ± 0.18

108.51 ± 23.31

Right

-1.35 ± 0.5

-2.21 ± 0.4

3.49 ± 1.23

75.87 ± 51.07

0.1 ± 0.13

121.72 ± 15.65

Left

-1.3 ± 0.6

-2.09 ± 0.3

3.87 ± 0.83

60.22 ± 37.71

0.14 ± 0.26

109.25 ± 21.26

Right

-1.49 ± 0.5

-2.33 ± 0.3

4.27 ± 0.54

41.85 ± 23.51

0.06 ± 0.09

122 ± 28.83

Left

-1.29 ± 0.5

-2.26 ± 0.1

4.17 ± 0.44

48.84 ± 20.13

0.09 ± 0.09

110.94 ± 20.73

Right

-1.34 ± 0.5

-2.23 ± 0.2

4.18 ± 0.41

47.8 ± 15.19

0.09 ± 0.1

123.51 ± 29.63

Left

-1.14 ± 0.5

-1.88 ± 0.5

3.89 ± 0.47

64.64 ± 26.17

0.13 ± 0.19

96.84 ± 32.68

Right

-1.38 ± 0.5

-2.11 ± 0.3

3.54 ± 0.99

75.81 ± 42.51

0.09 ± 0.13

105.58 ± 19.1

Left

-0.93 ± 0.7

-1.94 ± 0.4

3.73 ± 0.71

69.86 ± 30.11

0.35 ± 0.64*

93.93 ± 33.55

Right

-1.09 ± 0.7

-2.11 ± 0.3

3.87 ± 0.9

62.93 ± 39.21

0.25 ± 0.4*

103.61 ± 32.19

* = significant difference with the horizontal orientation and hip height handle design
= significant difference with the semi-pronated orientation and hip height handle design
D = significant difference with the vertical orientation and hip height handle design
à
= significant difference with the horizontal orientation and shoulder height handle design
= significant difference with the semi-pronated handle orientation and shoulder height handle design
ᶲ = significant difference with the vertical handle orientation and shoulder height handle design
^
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Table F.3 Mean ± standard deviation of male participants HDEMG variables during the initiation phase of the push depending on handle design,
trunk muscle, and muscle side.
Handle
Height

Handle
Orientation

Muscle
Name

Horizontal
Hip

Semi-Pronated
Vertical
Horizontal

Shoulder

Erector
Spinae

Semi-Pronated
Vertical
Horizontal

Hip

Semi-Pronated
Vertical
Horizontal

Shoulder

Semi-Pronated
Vertical

External
Obliques

Muscle
Side
Left

-1.76 ± 1.5

Differential
Intensity
-1.87 ± 0.3

4.26 ± 0.41

Coefficient of
Variation
46 ± 20.04

Mean RMS
(uV)
0.06 ± 0.04

Median
Frequency (Hz)
88.54 ± 16.72

Right

-1.77 ± 1.5

-1.9 ± 0.4

3.91 ± 0.98

56.7 ± 41.15

0.1 ± 0.13

89.71 ± 20.66

Left

-0.77 ± 0.5

-1.43 ± 0.6

4.09 ± 0.51

53.97 ± 23.94

0.31 ± 0.34*

83.39 ± 18.11

Right

-0.92 ± 0.4

-1.67 ± 0.4

4.21 ± 0.58

48.38 ± 29.9

0.19 ± 0.21*

81.23 ± 21.01

Left

-0.83 ± 0.5

-1.48 ± 0.5

4.29 ± 0.38

44.4 ± 19.94

0.24 ± 0.23

80.42 ± 25.22

Right

-1.14 ± 0.4

-1.86 ± 0.4

4.27 ± 0.39

45.62 ± 19.76

0.11 ± 0.13

80.4 ± 24.31

Left

-1.27 ± 0.2

-1.91 ± 0.2

4.28 ± 0.38

45.19 ± 19.68

0.06 ± 0.04

85.9 ± 18.01

Right

-1.35 ± 0.5

-2.08 ± 0.5

3.77 ± 1.24

65 ± 56.65

0.1 ± 0.12

104.24 ± 25.45

Left

-1.01 ± 0.7

-1.75 ± 0.8

3.55 ± 1.11

89.04 ± 81.73

0.26 ± 0.31*

101.41 ± 23.09

Right

-1.28 ± 0.6

-1.9 ± 0.6

4.37 ± 0.28

40.58 ± 16.78

0.13 ± 0.21*

97.26 ± 35.09

Left

-1.03 ± 0.3

-1.57 ± 0.5

3.84 ± 0.58

65.13 ± 26.65

0.12 ± 0.1

91.2 ± 21.16

Right

-1.18 ± 0.3

-1.86 ± 0.3

4.11 ± 0.98

51.96 ± 44.89

0.08 ± 0.05

88.26 ± 18.18

Left

-1.52 ± 0.2

-2.27 ± 0.2

4.2 ± 0.65

44.14 ± 28.47

0.03 ± 0.02

104.62 ± 23.64

Right

-1.45 ± 0.3

-2.19 ± 0.2

4.04 ± 1.07

54.86 ± 51.19

0.04 ± 0.02

105.39 ± 25.04

Left

-1.46 ± 0.3

-2.11 ± 0.3

4.17 ± 0.57

46.79 ± 25.22

0.04 ± 0.03*

98.29 ± 22.9

Right

-1.52 ± 0.3

-2.16 ± 0.4

4.46 ± 0.45

32.03 ± 17.66

0.04 ± 0.05*

101.51 ± 21.43

Left

-1.5 ± 0.4

-2.2 ± 0.2

4.18 ± 0.55

46.25 ± 24.18

0.05 ± 0.05

104.27 ± 23.83

Right

-1.53 ± 0.4

-2.21 ± 0.2

4.32 ± 0.52

39.41 ± 25.73

0.04 ± 0.04

109.66 ± 23.81

Left

-1.24 ± 0.5

-1.9 ± 0.4

4.24 ± 0.92

46.32 ± 46.5

0.12 ± 0.17

81.34 ± 17.03

Right

-1.3 ± 0.4

-1.94 ± 0.4

4.36 ± 0.53

39.3 ± 21.9

0.08 ± 0.1

86.76 ± 14.35

Left

-1.09 ± 0.5

-1.73 ± 0.5

4.26 ± 0.32

48.27 ± 19.02

0.13 ± 0.13*

75.41 ± 21.88

Right

-1.28 ± 0.4

-1.88 ± 0.4

4.42 ± 0.21

38.81 ± 11.72

0.08 ± 0.1*

86.21 ± 20.41

Left

-1.11 ± 0.6

-1.75 ± 0.5

4.1 ± 0.52

53.58 ± 26.08

0.13 ± 0.11

84.45 ± 30.56

Intensity

Entropy

112

Horizontal
Hip

Semi-Pronated
Vertical
Horizontal

Shoulder

Semi-Pronated
Vertical

Rectus
Abdominis

Right

-1.27 ± 0.5

-1.89 ± 0.4

4.21 ± 0.83

46.26 ± 35.12

0.09 ± 0.09

93.57 ± 22.72

Left

-1.69 ± 0.3

-2.34 ± 0.4

4.26 ± 0.54

40.41 ± 29.43

0.03 ± 0.03

124.99 ± 34.99

Right

-1.7 ± 0.2

-2.41 ± 0.3

4.03 ± 1.47

61.65 ± 101.88

0.02 ± 0.01

125.43 ± 32.6

Left

-1.3 ± 0.5

-2.12 ± 0.5

3.57 ± 1.23

86.51 ± 82.91

0.11 ± 0.2*

103.94 ± 28.64

Right

-1.42 ± 0.5

-2.09 ± 0.6

3.71 ± 1

74.54 ± 67.87

0.07 ± 0.07*

109.85 ± 35.18

Left

-1.47 ± 0.5

-2.2 ± 0.3

4.11 ± 0.72

56.7 ± 48.28

0.07 ± 0.1

111.56 ± 27.01

Right

-1.52 ± 0.3

-2.11 ± 0.2

4.37 ± 0.25

40.32 ± 16.2

0.04 ± 0.02

106.75 ± 32.79

Left

-1.46 ± 0.5

-2.17 ± 0.6

3.83 ± 1.15

61.56 ± 59.53

0.07 ± 0.1

109.34 ± 39.3

Right

-1.49 ± 0.5

-2.1 ± 0.6

4.24 ± 0.82

42.29 ± 37.17

0.06 ± 0.08

113.58 ± 44.49

Left

-1.24 ± 0.5

-2.03 ± 0.5

3.38 ± 1.29

90.95 ± 76.66

0.1 ± 0.1*

107.16 ± 38.01

Right

-1.58 ± 0.3

-2.26 ± 0.4

4.13 ± 1.17

55.75 ± 76.98

0.03 ± 0.03*

118.61 ± 38.28

Left

-1.28 ± 0.4

-1.98 ± 0.3

3.6 ± 1.07

77.85 ± 53.85

0.08 ± 0.08

95.79 ± 22.74

Right

-1.43 ± 0.4

-2.09 ± 0.4

3.83 ± 1.1

73.56 ± 78.97

0.06 ± 0.06

109.12 ± 31.25

* = significant difference with the horizontal orientation and hip height handle design
= significant difference with the semi-pronated orientation and hip height handle design
D = significant difference with the vertical orientation and hip height handle design
à
= significant difference with the horizontal orientation and shoulder height handle design
= significant difference with the semi-pronated handle orientation and shoulder height handle design
ᶲ = significant difference with the vertical handle orientation and shoulder height handle design
^
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Appendix G
Handle Height differences in terms of EMG and force during the initiation of a push
When pushing in the initiation phase of the push, the erector spinae (p=0.028)
had significantly higher differential intensity values using the hip height as opposed to
the shoulder height (Figure G.1). On the contrary, though the rectus abdominis
(p=0.047) had significantly lower differential intensity values using the hip height as
opposed to the shoulder height (Figure G.1).

*

*

Figure G.1. Differential intensity values of the three-trunk muscle between handle
heights when pushing in the initiation phase.
Furthermore, males were found to have significantly higher (p=0.044) differential
intensity values pushing in the initiation phase of the push regardless of the trunk muscle
with the shoulder height than the hip height. More specifically, males had significantly
higher (p<0.001) differential intensity values pushing in the initiation phase of the push
with the shoulder height than the hip height for the rectus abdominis (Figure G.2).
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*

*

Figure G.2. Differential intensity values of the male participant’s three-trunk muscle
between handle heights when pushing in the initiation phase.
Comparing handle heights indicated that pushing with the hip height resulted in
significantly higher (p= 0.017) entropy values than the shoulder height of all muscles
(Figure G.3)
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Figure
G.3.
Entropy differences among all trunk muscles between handle heights when pushing in
the initiation phase.
However, the use of the shoulder height attributed to significantly greater (p=0.046)
coefficient of variation values than the hip height regardless of trunk muscle (Figure
G.4)

*

*
*

Figure G.4. Coefficient of variation differences between handle heights when pushing in
the initiation phase.
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Concerning the muscle side, the left side of all trunk muscles was found to have
a significantly higher coefficient of variation values (p=0.013) pushing with the shoulder
height compared to the hip height (Figure G.5).

*

Figure G.5. The coefficient of variation values of the anatomical left trunk muscle
between handle heights when pushing in the initiation phase.
For the external obliques, overall the mean RMS was significantly lower using a
hip height (p<0.001) than the shoulder height (Table 7.0). Moreover, both males
(p<0.001) and females (p=0.0073) had significantly lower mean RMS when lower using
a hip height than the shoulder height (Table G.1).
Table G.1 Mean ± Standard deviation of Mean RMS values for the initiation phase of
the pushing task.
Grouping
All
Female
Male

Handle Height
Hip
Shoulder
Hip
Shoulder
Hip

Mean RMS
0.059 ± 0.04
0.107 ± 0.09
0.076 ±0.04
0.108 ± 0.08
0.041 ± 0.03

Shoulder

0.106 ± 0.11

As presented in Table G.1., regarding the mean median frequency, the erector
spinae muscle had significantly lower (p=0.00072) values pushing with the hip height
compared to the shoulder height. Nonetheless, the external oblique muscle had
significantly higher (p<0.001) values pushing with the hip height compared to the
shoulder height.
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Within biological sex, male erector spinae muscles had significantly higher (p=0.
0098) mean median frequency values pushing with the shoulder height than compared to
the hip height. Likewise, female erector spinae muscles had significantly lower
(p=0.0023) mean median frequency values pushing with the hip height than compared to
the shoulder height, as well as, significantly lower (p<0.001) mean median frequency
values with their external oblique muscles pushing with the hip height than compared to
the shoulder height (Table G.2).
Table G.2. Mean ± Standard deviation of Mean Median Frequency values for the
initiation phase of the pushing task based on handle height, muscle and grouping of
participants.
Group
All
(n=20)

Handle Height
Hip

Shoulder
Female
(n=10)

Hip

Shoulder
Male
(n=10)

Hip

Shoulder

Muscle

Mean Median Frequency

Erector Spinae

87.24 ± 24.1

External Obliques
Rectus Abdominis
Erector Spinae
External Obliques
Rectus Abdominis

98.35 ± 22.5
114.14 ±28.8
98.30 ± 25.7
85.90 ± 22.0
107.33 ±32.3

Erector Spinae

90.55 ± 27.0

External Obliques
Rectus Abdominis
Erector Spinae
External Obliques
Rectus Abdominis

92.75 ±21.0
114.53 ±25.8
101.90 ± 27.0
87.17 ±22.4
105.73 ±29.0

Erector Spinae

83.95 ± 20.6

External Obliques
Rectus Abdominis
Erector Spinae
External Obliques
Rectus Abdominis

103.96 ± 23.0
113.75 ±32.0
94.71 ± 24.1
84.62 ±21.5
108.93 ±35.4
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As shown in Figure G.6, pushing with the shoulder height allowed participants to
produce significantly greater (p<0.001) push force than when using the hip height during
the initiation phase of the push.

Figure G.6. Push force (N) differences between handle heights during the initiation
phase of the push.
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Appendix H
Handle Orientation differences in terms of EMG and force during the initiation of a push
The differential intensity values during the initiation phase of the push resulted in
the horizontal orientation attributing to significantly lower values regardless of trunk
muscles than both the semi-pronated (p=0.00015) and vertical (p=0.0467) orientation

(Figure H.1).
Figure H.1. Differential intensity values of the three trunk muscles between
handle orientations when pushing in the initiation phase.
The erector spinae muscle when pushing with the vertical orientation resulted in
a significantly lower (p=0.026) coefficient of variation values than pushing with
horizontal handle during the initiation phase of the push (Figure H.2).

*
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Figure H.2. Coefficient of variation values of the three trunk muscles between handle
orientations when pushing in the initiation phase.
Furthermore, males were found to have significantly higher coefficient values
(p=0.026) when pushing with the semi-pronated orientation than the horizontal
orientation regardless of trunk muscles (Figure H.3)

Figure H.3. Male coefficient of Variation values of the three trunk muscles between
handle orientations when pushing in the initiation phase.
Similarly, the use of the horizontal handle orientation resulted in significantly
lower mean RMS when compared to both the vertical (p=0.021) and semi-pronated
(p=0.004) handle orientations regardless of trunk muscle (Figure H.4).
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Figure H.4. Mean RMS values of the three trunk muscles between handle orientations
when pushing in the initiation phase.
Furthermore, the horizontal orientation resulted in significantly greater mean
median frequency values (p=0.043) than the semi-pronated orientation (Figure H.5.).

**

*

Figure H.5. Mean median frequency values of the three trunk muscles between handle
orientations when pushing in the initiation phase.
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Appendix I
For the sustained phase of the push, each trunk muscle, muscle side, handle design, sex, and all HDEMG variables are shown in table
11.1-11.3.
Table I.1 Mean ± standard deviation of all participants' HDEMG variables during the sustained phase of the push depending on handle
design, trunk muscle, and muscle side.
Handle
Height
Hip

Handle
Orientation
Horizontal

Muscle
Name
Erector
Spinae

Semi-Pronated
Vertical
Shoulder

Horizontal
Semi-Pronated

Muscle
Side
Left

-1.29 ± 1.31

Differential
Intensity
-1.67 ± 0.55

3.94 ± 0.87

Coefficient of
Variation
63.33 ± 44.17

Mean RMS
(uV)
0.22 ± 0.29

Median
Frequency
80.4 ± 25.17

Right

-1.34 ± 1.29

-1.82 ± 0.41

3.45 ± 1.38

84.45 ± 64.86

0.21 ± 0.44

83.67 ± 23.47

Left

-0.94 ± 0.36

-1.75 ± 0.49

4.15 ± 0.34

52.43 ± 17.81

0.18 ± 0.28

85.86 ± 18.19

Right

-1.1 ± 0.38

-1.89 ± 0.42

4.19 ± 0.35

49.45 ± 17.89

0.12 ± 0.1

91.29 ± 19.1

Left

-0.94 ± 0.49

-1.69 ± 0.48

4.02 ± 0.3

57.33 ± 14.05

0.21 ± 0.25ᶲ

84.84 ± 15.26

Right

-1.02 ± 0.49

-1.77 ± 0.53

4.17 ± 0.52

49.74 ± 24.09

0.18 ± 0.23ᶲ

83.75 ± 22.83

Left

-0.95 ± 0.35

-1.72 ± 0.41

3.84 ± 0.64

66.25 ± 30.99

0.16 ± 0.13ᶲ

81.08 ± 13.37

Right

-1.22 ± 0.41

-2 ± 0.32

3.79 ± 0.97

70.29 ± 57.42

0.09 ± 0.07ᶲ

96.92 ± 26.65

69.74 ± 21.73

à

79.92 ± 20.16

à

93.96 ± 26.05

à

75.47 ± 18.79

à

Left
Right

Vertical
Hip

Horizontal
Semi-Pronated
Vertical

Left
External
Obliques

Intensity

-0.71 ± 0.46
-0.96 ± 0.58
-0.6 ± 0.4

^

-1.49 ± 0.61

^

-1.74 ± 0.52

^

-1.41 ± 0.41

^

Entropy

3.76 ± 0.57
3.87 ± 0.83
3.92 ± 0.47

65.27 ± 41.22
63.63 ± 21.08

0.32 ± 0.32 ᶲ
0.25 ± 0.33 ᶲ
0.38 ± 0.34 ᶲ

Right

-1.05 ± 0.47

-1.79 ± 0.52

4.06 ± 0.52

54.31 ± 22.08

0.16 ± 0.19 ᶲ

86.14 ± 29.81

Left

-1.05 ± 0.37

-1.78 ± 0.46

3.79 ± 0.67

66.08 ± 29.05

0.14 ± 0.16

93.42 ± 16.09

Right

-1.09 ± 0.38

-1.8 ± 0.39

3.65 ± 0.82

74.23 ± 38.61

0.12 ± 0.1

100.43 ± 30.46

Left

-1.18 ± 0.26

-1.93 ± 0.42

3.93 ± 0.81

62.43 ± 41.36

0.08 ± 0.04

96.81 ± 22.96

Right

-1.27 ± 0.4

-2.05 ± 0.3

3.91 ± 0.69

59.1 ± 29.58

0.09 ± 0.12

101.16 ± 23.07

Left

-1 ± 0.48

-1.71 ± 0.43

3.79 ± 0.8

68.74 ± 40.36

0.17 ± 0.21ᶲ

92.11 ± 21.01

Right

-1.14 ± 0.52

-1.85 ± 0.54

3.97 ± 0.63

58.23 ± 28.42

0.16 ± 0.25ᶲ

99.27 ± 23.55
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Shoulder

Horizontal
Semi-Pronated

Left

-0.9 ± 0.5

-1.76 ± 0.33

3.66 ± 0.7

75.58 ± 33.66

0.2 ± 0.17ᶲ

90.17 ± 22.26

Right

-1.08 ± 0.45

-1.88 ± 0.36

4.02 ± 0.49

56.76 ± 22.12

0.13 ± 0.12ᶲ

91.99 ± 20.49

Left

-0.86 ± 0.49

-1.66 ± 0.41^

3.77 ± 0.67

68.96 ± 29.74

0.21 ± 0.17àᶲ

86.66 ± 28.6

-1.01 ± 0.44

^

Right
Vertical
Hip

Horizontal
Semi-Pronated
Vertical

Shoulder

Horizontal
Semi-Pronated

Left
Rectus
Abdominis

^

-1.65 ± 0.48

^

3.74 ± 0.7
3.76 ± 0.82

69.43 ± 31.02
70.27 ± 39.34

90.54 ± 25.82

à

91.57 ± 22.89

à

0.15 ± 0.12 ᶲ
0.24 ± 0.23 ᶲ

Right

-0.99 ± 0.58

-1.75 ± 0.47

3.86 ± 0.83

63.61 ± 36.74

0.22 ± 0.29 ᶲ

94.79 ± 23.71

Left

-1.28 ± 0.37

-2.01 ± 0.31

3.64 ± 0.84

75.73 ± 43.92

0.07 ± 0.06

99.02 ± 28.16

Right

-1.32 ± 0.52

-1.89 ± 0.65

3.71 ± 1.1

72.68 ± 56.17

0.1 ± 0.15

103.36 ± 36.37

Left

-1.05 ± 0.57

-1.97 ± 0.44

3.66 ± 0.96

82.48 ± 64.5

0.23 ± 0.36

96.78 ± 24.8

Right

-1.18 ± 0.57

-1.96 ± 0.51

3.54 ± 0.89

81.09 ± 50.78

0.17 ± 0.24

105.08 ± 29.27

Left

-1.12 ± 0.63

-1.94 ± 0.48

3.71 ± 0.92

71.04 ± 44.15

0.2 ± 0.33ᶲ

100.95 ± 19.92

Right

-1.18 ± 0.64

-1.85 ± 0.65

3.96 ± 0.82

60.21 ± 36.04

0.22 ± 0.41ᶲ

104.22 ± 33.58

Left

-1.08 ± 0.4

-1.96 ± 0.35

3.63 ± 1.02

83.27 ± 69.92

0.12 ± 0.1ᶲ

99.63 ± 25.18

Right

-1.17 ± 0.46

-2.05 ± 0.48

3.69 ± 0.82

75.31 ± 47.27

0.12 ± 0.14ᶲ

110.32 ± 26.92

Left
Right

Vertical

-0.86 ± 0.56

-1.79 ± 0.33

à

-0.81 ± 0.5
-1.07 ± 0.57

^

-1.69 ± 0.5

^

-1.75 ± 0.63

^

3.34 ± 0.95
3.66 ± 0.98

98.1 ± 65.31
80.18 ± 63.24

à

89.71 ± 22.09

à

94.77 ± 32.07

à

0.28 ± 0.32 ᶲ
0.19 ± 0.28 ᶲ

Left

-0.68 ± 0.62

-1.71 ± 0.33

3.5 ± 0.86

84.23 ± 42.27

0.51 ± 0.76 ᶲ

91 ± 26.15

Right

-1.01 ± 0.66

-1.77 ± 0.6^

3.47 ± 0.88

81.27 ± 38.98

0.27 ± 0.37àᶲ

101.79 ± 26.09

* = significant difference with the horizontal orientation and hip height handle design
^
= significant difference with the semi-pronated orientation and hip height handle design
D = significant difference with the vertical orientation and hip height handle design
à
= significant difference with the horizontal orientation and shoulder height handle design
= significant difference with the semi-pronated handle orientation and shoulder height handle design
ᶲ = significant difference with the vertical handle orientation and shoulder height handle design
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Table I.2 Mean ± standard deviation of female participants HDEMG variables during the sustained phase of the push depending on
handle design, trunk muscle, and muscle side.
Handle
Height

Handle
Orientation

Muscle Name

Horizontal
Hip

Semi-Pronated
Vertical
Erector Spinae
Horizontal

Shoulder

Semi-Pronated
Vertical
Horizontal

Hip

Semi-Pronated
Vertical
Horizontal

Shoulder

Semi-Pronated
Vertical

External
Obliques

Side

Intensity

Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right

-1.24 ± 0.36
-1.08 ± 0.64
-1.08 ± 0.21
-1.14 ± 0.36
-1.16 ± 0.32
-1.18 ± 0.36
-0.96 ± 0.37
-1.26 ± 0.41
-0.84 ± 0.45
-0.9 ± 0.63
-0.65 ± 0.42
-1.12 ± 0.51
-1.08 ± 0.36
-1.06 ± 0.33
-1.14 ± 0.26
-1.2 ± 0.3
-0.92 ± 0.49
-1.11 ± 0.41
-0.75 ± 0.38
-1 ± 0.4
-0.8 ± 0.52
-0.94 ± 0.44
-0.75 ± 0.44
-0.87 ± 0.4

Differential
Intensity
-1.95 ± 0.35
-1.88 ± 0.46
-2.01 ± 0.32
-2.09 ± 0.3
-2.01 ± 0.26
-1.99 ± 0.38
-1.9 ± 0.33
-2.09 ± 0.36
-1.77 ± 0.47
-1.85 ± 0.53
-1.59 ± 0.19
-2 ± 0.55
-1.87 ± 0.41
-1.8 ± 0.37
-2.02 ± 0.29
-2.08 ± 0.21
-1.81 ± 0.42
-1.98 ± 0.36
-1.74 ± 0.24
-1.92 ± 0.3
-1.7 ± 0.43
-1.84 ± 0.3
-1.68 ± 0.38
-1.68 ± 0.3

Entropy
3.69 ± 1.18
3.43 ± 1.39
4.18 ± 0.33
4.07 ± 0.37
4.17 ± 0.27
4.39 ± 0.38
3.81 ± 0.71
3.88 ± 0.55
3.63 ± 0.71
3.69 ± 1.11
3.78 ± 0.53
4.08 ± 0.62
3.89 ± 0.81
3.81 ± 0.53
4.2 ± 0.33
3.79 ± 0.79
3.83 ± 0.84
3.97 ± 0.5
3.56 ± 0.77
4.15 ± 0.37
3.57 ± 0.82
3.58 ± 0.84
3.54 ± 1.04
3.98 ± 0.43

Coefficient of
Variation
73.68 ± 60.06
86.31 ± 67.15
49.99 ± 16.37
53.66 ± 19.39
49.46 ± 12.16
39.31 ± 19.36
63.71 ± 30.01
59.88 ± 23.04
74.03 ± 26.07
74.51 ± 54.91
68.77 ± 23.34
50.4 ± 25.31
59.88 ± 35.2
67.2 ± 24.31
48.96 ± 16.29
62.3 ± 32.99
65.68 ± 43.82
56.12 ± 21.7
80.34 ± 36.99
52.03 ± 19.79
76.1 ± 38.03
75.23 ± 37.1
79.4 ± 50.59
60.02 ± 20.8

Mean RMS
(uV)
0.08 ± 0.1
0.3 ± 0.61
0.09 ± 0.05
0.11 ± 0.11
0.09 ± 0.06
0.09 ± 0.1
0.16 ± 0.13
0.08 ± 0.07
0.24 ± 0.31
0.31 ± 0.42
0.35 ± 0.35
0.15 ± 0.21
0.13 ± 0.16
0.11 ± 0.09
0.08 ± 0.03
0.08 ± 0.08
0.21 ± 0.28
0.11 ± 0.1
0.23 ± 0.16
0.14 ± 0.11
0.24 ± 0.2
0.16 ± 0.11
0.26 ± 0.22
0.19 ± 0.15

Median
Frequency (Hz)
85.33 ± 13.53
88.56 ± 19.08
90.42 ± 20.25
96.06 ± 21.45
89.68 ± 16.98
90.74 ± 22.75
80.01 ± 12.29
111.02 ± 25.61
80.53 ± 21.53
98.82 ± 22.77
71.99 ± 19.34
99.9 ± 30.82
91.43 ± 15.16
97.99 ± 34.71
88.41 ± 18.91
94.22 ± 23.79
91.16 ± 22.95
100.21 ± 27.32
90.71 ± 27.76
92.61 ± 17.96
86.22 ± 31.29
85.46 ± 23.38
89.23 ± 20.61
92.77 ± 24.55
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Horizontal
Hip

Semi-Pronated
Vertical
Horizontal

Shoulder

Semi-Pronated
Vertical

Rectus
Abdominis

Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right

-1.22 ± 0.31
-1.24 ± 0.55
-0.93 ± 0.68
-1.08 ± 0.64
-0.93 ± 0.66
-0.93 ± 0.76
-1.09 ± 0.43
-1.19 ± 0.51
-0.69 ± 0.52
-1 ± 0.74
-0.4 ± 0.55
-0.98 ± 0.69

-1.95 ± 0.17
-1.83 ± 0.67
-1.86 ± 0.47
-1.98 ± 0.42
-1.81 ± 0.51
-1.74 ± 0.76
-1.99 ± 0.31
-2.17 ± 0.41
-1.54 ± 0.45
-1.81 ± 0.64
-1.62 ± 0.32
-1.93 ± 0.47

* = significant difference with the horizontal orientation and hip height handle design
^
= significant difference with the semi-pronated orientation and hip height handle design
D = significant difference with the vertical orientation and hip height handle design
à
= significant difference with the horizontal orientation and shoulder height handle design
= significant difference with the semi-pronated handle orientation and shoulder height handle design
ᶲ = significant difference with the vertical handle orientation and shoulder height handle design

3.82 ± 0.6
3.82 ± 0.79
3.9 ± 0.5
3.46 ± 0.76
3.49 ± 1.01
3.67 ± 1.07
4 ± 0.65
3.95 ± 0.62
3.48 ± 0.42
3.78 ± 0.84
3.6 ± 0.46
3.38 ± 0.97

66.55 ± 26.53
67.82 ± 35.42
65.73 ± 24.89
79.89 ± 30.76
79.5 ± 45.07
73.27 ± 44.96
59.28 ± 29.82
59.98 ± 29.3
84.53 ± 17.92
68.68 ± 35.4
80.73 ± 20.34
82.42 ± 35.97

0.07 ± 0.05
0.12 ± 0.16
0.35 ± 0.48
0.21 ± 0.24
0.29 ± 0.44
0.38 ± 0.54
0.12 ± 0.1
0.12 ± 0.13
0.36 ± 0.39
0.28 ± 0.38
0.78 ± 0.97
0.3 ± 0.43

92.87 ± 22.72
98.37 ± 34.97
95.13 ± 22.46
100.22 ± 32.62
99.79 ± 15.23
101.48 ± 37.35
98.67 ± 24.54
111.99 ± 28.79
83.31 ± 16.71
90.61 ± 29.3
88.41 ± 32.05
100.69 ± 31.43
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Table I.3 Mean ± standard deviation of male participants HDEMG variables during the sustained phase of the push depending on
handle design, trunk muscle, and muscle side.
Handle
Height

Handle
Orientation

Muscle Name

Horizontal
Hip

Semi-Pronated
Vertical
Erector Spinae
Horizontal

Shoulder

Semi-Pronated
Vertical
Horizontal

Hip

Semi-Pronated
Vertical

Shoulder

Horizontal
Semi-Pronated

External
Obliques

Muscle
Side
Left

-1.33 ± 1.87

Differential
Intensity
-1.4 ± 0.59

4.19 ± 0.29

Coefficient of
Variation
52.97 ± 16.55

Mean RMS
(uV)
0.35 ± 0.35

Median
Frequency (Hz)
75.46 ± 33.16

Right

-1.59 ± 1.72

-1.77 ± 0.37

3.46 ± 1.44

82.59 ± 66.06

0.13 ± 0.14

78.78 ± 27.3

Left

-0.8 ± 0.43

-1.49 ± 0.5

4.12 ± 0.36

54.87 ± 19.7

0.27 ± 0.38

81.3 ± 15.57

Right

-1.06 ± 0.41

-1.69 ± 0.44

4.3 ± 0.3

45.24 ± 16.13

0.12 ± 0.1

86.53 ± 16.12

Left

-0.73 ± 0.54

-1.38 ± 0.45

3.87 ± 0.27

65.21 ± 11.44

0.33 ± 0.31

80 ± 12.3

Right

-0.87 ± 0.57

-1.56 ± 0.58

3.95 ± 0.57

60.17 ± 24.66

0.27 ± 0.29

76.77 ± 21.77

Left

-0.95 ± 0.34

-1.55 ± 0.43

3.87 ± 0.6

68.79 ± 33.35

0.16 ± 0.14

82.16 ± 14.96

Right

-1.18 ± 0.42

-1.91 ± 0.27

3.69 ± 1.29

80.7 ± 78.67

0.09 ± 0.07

82.83 ± 20.06

Left

-0.58 ± 0.45

-1.22 ± 0.63

3.89 ± 0.38

65.45 ± 16.63

0.39 ± 0.33

79.3 ± 19.85

Right

-1.02 ± 0.56

-1.62 ± 0.52

4.05 ± 0.37

56.04 ± 19.54

0.18 ± 0.2

89.1 ± 29.36

Left

-0.54 ± 0.39

-1.24 ± 0.51

4.05 ± 0.39

58.49 ± 18.3

0.42 ± 0.35

78.94 ± 18.56

Right

-0.99 ± 0.44

-1.59 ± 0.43

4.04 ± 0.43

58.22 ± 18.82

0.17 ± 0.17

72.38 ± 22.48

Left

-1.03 ± 0.4

-1.7 ± 0.51

3.7 ± 0.51

72.29 ± 21.38

0.15 ± 0.16

95.41 ± 17.54

Right

-1.11 ± 0.44

-1.81 ± 0.42

3.48 ± 1.04

81.26 ± 49.45

0.12 ± 0.11

102.87 ± 27.22

Left

-1.21 ± 0.27

-1.83 ± 0.52

3.65 ± 1.05

75.89 ± 54.25

0.07 ± 0.05

105.21 ± 24.47

Right

-1.34 ± 0.48

-2.02 ± 0.38

4.03 ± 0.58

55.9 ± 27.13

0.09 ± 0.15

108.11 ± 21.22

Left

-1.08 ± 0.48

-1.61 ± 0.43

3.74 ± 0.81

71.79 ± 38.69

0.14 ± 0.13

93.07 ± 20.07

Right

-1.17 ± 0.63

-1.72 ± 0.67

3.96 ± 0.77

60.34 ± 34.99

0.2 ± 0.35

98.33 ± 20.56

Left

-1.04 ± 0.58

-1.78 ± 0.41

3.76 ± 0.65

70.82 ± 31.19

0.17 ± 0.18

89.63 ± 16.57

Right

-1.15 ± 0.5

-1.84 ± 0.42

3.9 ± 0.57

61.5 ± 24.32

0.12 ± 0.13

91.37 ± 23.73

Left

-0.93 ± 0.48

-1.62 ± 0.41

3.97 ± 0.42

61.81 ± 17.55

0.17 ± 0.13

87.09 ± 27.34

Intensity

Entropy
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Vertical
Horizontal
Hip

Semi-Pronated
Vertical
Horizontal

Shoulder

Semi-Pronated
Vertical

Rectus
Abdominis

Right

-1.08 ± 0.45

-1.75 ± 0.37

3.9 ± 0.53

63.63 ± 24.09

0.13 ± 0.13

95.61 ± 28.34

Left

-0.96 ± 0.66

-1.63 ± 0.58

3.97 ± 0.47

61.14 ± 22.87

0.22 ± 0.25

93.91 ± 25.87

Right

-1.11 ± 0.72

-1.82 ± 0.61

3.73 ± 1.12

67.19 ± 48.87

0.25 ± 0.39

96.81 ± 23.97

Left

-1.33 ± 0.43

-2.08 ± 0.41

3.47 ± 1.04

84.91 ± 56.4

0.07 ± 0.07

105.16 ± 32.76

Right

-1.4 ± 0.52

-1.95 ± 0.66

3.6 ± 1.39

77.55 ± 73.17

0.09 ± 0.14

108.35 ± 38.91

Left

-1.17 ± 0.44

-2.07 ± 0.41

3.43 ± 1.25

99.23 ± 86.83

0.11 ± 0.13

98.42 ± 28.07

Right

-1.27 ± 0.5

-1.94 ± 0.6

3.61 ± 1.04

82.29 ± 67.03

0.13 ± 0.25

109.94 ± 26.31

Left

-1.3 ± 0.57

-2.07 ± 0.42

3.94 ± 0.81

62.59 ± 43.88

0.11 ± 0.14

102.12 ± 24.55

Right

-1.42 ± 0.42

-1.95 ± 0.55

4.24 ± 0.31

47.16 ± 18.52

0.06 ± 0.05

106.96 ± 31.12

Left

-1.07 ± 0.4

-1.94 ± 0.4

3.25 ± 1.21

107.27 ± 90.29

0.12 ± 0.1

100.6 ± 27.1

Right

-1.15 ± 0.43

-1.94 ± 0.54

3.43 ± 0.94

90.64 ± 57.76

0.12 ± 0.15

108.64 ± 26.37

Left

-0.93 ± 0.46

-1.83 ± 0.54

3.2 ± 1.29

111.67 ± 90.97

0.2 ± 0.23

96.1 ± 25.7

Right

-1.14 ± 0.36

-1.69 ± 0.65

3.53 ± 1.14

91.68 ± 83.04

0.1 ± 0.07

98.93 ± 35.7

Left

-0.96 ± 0.58

-1.81 ± 0.33

3.4 ± 1.15

87.73 ± 57.72

0.24 ± 0.33

93.59 ± 20.05

Right

-1.04 ± 0.67

-1.6 ± 0.69

3.56 ± 0.82

80.12 ± 43.72

0.24 ± 0.33

102.89 ± 21.14

* = significant difference with the horizontal orientation and hip height handle design
^
= significant difference with the semi-pronated orientation and hip height handle design
D = significant difference with the vertical orientation and hip height handle design
à
= significant difference with the horizontal orientation and shoulder height handle design
= significant difference with the semi-pronated handle orientation and shoulder height handle design
ᶲ = significant difference with the vertical handle orientation and shoulder height handle design
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Appendix J
Handle height differences in terms of EMG and force during the peak force of the push
The use of the shoulder handle height resulted in significantly greater differential
intensity muscle of all trunk muscles (p=0.0062)(Figure J.1.). More specifically, leftsided muscles reported significantly greater differential intensity (p=0.0014) using the
shoulder height than the hip height (Figure J.1).

*

Figure J.1 Differential intensity values of the left and right anatomical sides of the trunk
muscles between handle heights while pushing in the sustained phase.
Likewise, the mean RMS values pushing with a shoulder height resulted in significantly
greater (p= 0.0024) values than the hip height regardless of trunk muscle (Figure J.2).

Figure J.2 Mean RMS values of the three trunk muscles between handle heights while
pushing in the sustained phase.
As shown in Figure J.3, pushing with the shoulder height allowed participants to
produce significantly greater (p<0.001) push force than when using the hip height during
the sustained phase of the push.

Figure J.3 Mean Force (N) values between handle heights while pushing in the sustained
phase.
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Appendix K
Handle orientation differences in terms of EMG and force during the peak force of the
push
As shown in Figure K.1, the differential intensity values pushing with the
vertical orientation resulted in significantly greater (p=0.015) values than the horizontal
orientation regardless of trunk muscle.

Figure K.1 Differential Intensity values of the three trunk muscles between handle
orientations while pushing in the sustained phase.
For mean RMS, pushing with the vertical orientation resulted in significantly greater
(p=0. 00014) values than the horizontal orientation regardless of trunk muscle (Figure
K.2).

131

Figure K.2 Mean RMS values of the three trunk muscles between handle orientations
while pushing in the sustained phase.

Among male participants, it was found that pushing with the vertical handle orientation
resulted in significantly less (p= 0.012) push force than when using a horizontal handle
orientation (Figure K.3).

*

Figure K.3 Push Force differences between handle orientations during the sustained
phase of the push.
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