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Abstract

Pushing objects in the presence of body asymmetries could increase the risk of back injury. 

Furthermore, when the object is heavy, it could exacerbate the effects induced by asymmetrical 

posture. We investigated how the use of asymmetrical posture and/or upper extremity movement 

affect vertical torque (Tz) and center of pressure (COP) displacement during pushing. Ten healthy 

volunteers were instructed to push objects of three different weights using two hands (symmetrical 

hand use) or one hand (asymmetrical hand use) while standing in symmetrical or asymmetrical 

foot-positions. The peak values of Tz and COP displacement in the medial-lateral direction 

(COPML) were analyzed. In cases of isolated asymmetry, changes in the Tz were mainly linked 

with effects of hand-use whereas effects of foot-position dominated changes in the COPML 

displacement. In cases of a combined asymmetry, the magnitudes of both Tz and COPML were 

additive when asymmetrical hand-use and foot-position induced the rotation of the lower and 

upper body in the same direction or subtractive when asymmetries resulted in the rotation of the 

body segments in the opposite directions. Moreover, larger Tz and COP displacements were seen 

when pushing the heavy weight. The results point out the importance of using Tz and COPML to 

describe the isolated or combined effects of asymmetrical upper extremity movement and 

asymmetrical posture on body rotation during pushing. Furthermore, it suggests that a proper 

combination of unilateral arm movement and foot placements could help to reduce body rotation 

even when pushing heavy objects.
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Introduction

Pushing is commonly used when opening doors or moving grocery shopping carts, as well 

as while moving goods in warehouse and distribution settings (Baril-Gingras and Lortie, 

1995; Chang and Drury, 2007; Marras et al., 2009). Pushing activities are associated with 9–

20% work-related musculoskeletal disorders and low-back injuries (Hoozemans et al., 

1998). The majority of studies are focused on investigating the magnitudes and directions of 

exerted pushing force (Al-Eisawi et al., 1999; Hoozemans et al., 2007; Lee, 2011). Many 

activities involving pushing an object with only one hand are associated with loading body 

segments asymmetrically. Furthermore, health care workers frequently adopt asymmetrical 

postures, including lateral bending and trunk turning, laterally positioned arms and sideward 

force exertion during patients handling activities (Theilmeier et al., 2010). Turning the 

patient in bed or repositioning in the seat of the wheelchair are performed while standing 

asymmetrically (Skotte et al., 2002), which may induce high load on the spine and lead to 

health-related absenteeism (Theilmeier et al., 2010; Videman et al., 2005). Rotational 

moment at the spine is influenced by the activation of muscles predominately on one side of 

the body. This in turn creates the rotation of the body and as a result, maintenance of vertical 

posture during asymmetrical pushing could be more challenging. The weight of the object 

has been considered as an important ergonomic factor that affects pushing posture and 

muscle activities (Hoozemans et al., 2002; Jung et al., 2005). Large trunk twisting moments 

and muscle activities were reported when pushing heavier loads (Lee et al., 2010).

Several measurement approaches are used to analyze activities performed in standing. 

Among them are recording the displacement of the center of pressure (COP) or the torque 

calculated around the vertical axis (Dalleau et al., 2007), which could be used to describe 

body rotation (Kumar and Narayan, 2006). While COP measures provide important 

information about changes in postural control (Lee and Aruin, 2013, 2014; Macpherson et 

al., 1989; McIlroy and Maki, 1996), which allow to describe the body movements in the 

both, anterior-posterior/medial-lateral directions, they have limitations. For example, 

measures of the COP displacement could not reveal the information about the body rotation, 

which is important for evaluation of certain tasks involving asymmetrical body posture. At 

the same time, measuring vertical torque (Tz) could provide information pertaining to 

rotation of the body. Thus, the positive/negative Tz values corresponding to 

counterclockwise/clockwise rotation have been documented during performance of 

unilateral arm-raising movements (Bleuse et al., 2005; Yamazaki et al., 2005).

Selection of a proper measure becomes especially important when studying tasks involving 

asymmetry of body posture or movement. Therefore, the aim of the current study was to 

investigate how the vertical torque and the COP displacement change in response to 

symmetrical or asymmetrical pushing movement and stance as well as the weight of the 

object to be pushed. We hypothesized that when pushing with two hands (symmetrical 

movement) and in symmetrical stance, the magnitudes of torque and COP displacement 

would be minimal compared to asymmetrical conditions. Second, we hypothesized that if 

asymmetry of the pushing movement or stance is present, the torque and COP displacement 

would be specific to the induced asymmetry. Moreover, depending on the combination of 
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the asymmetry of the hand-use and foot-position, we expect to observe changes in each the 

torque and COP displacement either in the same or opposite directions.

Methods

Participants

Ten volunteers (five females and five males, age 29.4 ± 3.9 years, height 170.7 ± 8.3 cm and 

mass 69.9 ± 14.4 kg) without known neuromuscular disorders or history of musculoskeletal 

problems within the past 12 months participated in the experiment. The average weight and 

height of male and female fall into the 50th and 75th percentile of the population respectively 

(Halls and Hanson, 2008). The study was approved by the Institutional Review Board and 

all the subjects signed a consent form.

Experimental procedure

Subjects were instructed to push the handle (61 × 9 × 2 cm) attached to an aluminum 

pendulum (Fig 1) using two hands and using the right hand only and the left hand only. The 

height of the pendulum was adjusted to match the subject’s hand position. The weight of the 

pendulum with the handle was 6.66 N (NW: no weight). Extra light and heavy weights 

(111.13 and 222.26 N) were affixed to the handle (LW: light weight or HW: heavy weight). 

Pushing a two–wheeled hand cart with similar maximum weight is common in ergonomics 

studies (Nimbarte et al., 2013). The subjects stood in front of the pendulum on the top of the 

force platform (with feet shoulder width apart and the five degree toe-out foot progression 

angle) either in symmetrical stance (feet parallel to each other) or asymmetrical stance 

(right/left foot forward and left/right foot backward). In the asymmetrical stance, the 

subjects placed the front/back foot near the front/back edge of the force platform. The 

required foot positions were marked with chalk and the subjects were required to maintain 

the same foot position in all trials in a particular series. In all the experimental conditions, 

the subjects were instructed to stand upright with both their upper arms at the sides of their 

trunk, at 90 degrees of elbow flexion and wrist extension, with the palms slightly contacting 

the positions marked with chalk on the wooden handle. When pushing with one hand, the 

ipsilateral arm maintained the position as described above and the contralateral arm 

remained loosely by the side of the body. The subjects were instructed to push the handle 

using only trunk motion without wrist flexion and without taking a step or lifting the heels 

from the surface of the force platform. The task was performed in a self-paced manner after 

receiving the experimenter’s command “push”. Several practice trials were provided to 

familiarize subjects with the task. Each subject performed the experimental task of pushing 

the pendulum handle when the following three conditions were manipulated: 1) foot-

position: parallel, right foot forward and left foot forward stances; 2) hand-use: both, right 

hand pushing and left hand pushing; 3) weight: 0, 111.13 and 222.26 N. Five trials (each 5 

seconds in duration) were performed in each of 27 experimental conditions and the order of 

conditions was generated randomly for each subject by MATLAB (MathWorks, Natick, 

MA, USA) function. Subjects were provided with 30 seconds to 1 minute rest periods to 

avoid effects of fatigue. The study was conducted during one session and lasted 

approximately one hour.
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Data collection

Ground reaction forces and moments of forces were recorded from a force platform (Model 

OR-5, AMTI, USA). An accelerometer (Model 208C03, PCB Piezotronics Inc., USA) was 

attached to the pendulum (Fig 1); its signal was used to determine the moment when the 

pendulum started moving away.

The forces, moments of forces, and accelerometer signals were synchronized and digitized 

with a 16-bit resolution at 1,000 Hz by means of an analog-to-digital converter and 

customized LabVIEW 8.6.1 software (National Instruments, Austin TX, USA). All data was 

stored on a computer for further processing.

Data processing and analysis

All data was processed offline using MATLAB software. The accelerometer data was used 

to determine the moment the pendulum started moving away (T0) using an approximate 

generalized likelihood ratio algorithm (Staude and Wolf, 1999).

The vertical component of the ground reaction force (Fz), the horizontal components of 

ground reaction force in the anterior-posterior (AP) direction (Fy), and in the medial-lateral 

(ML) direction (Fx) and the moments of forces around the frontal axis (Mx) and the sagittal 

axis (My) were filtered with a 20Hz low-pass, 2nd order, zero-lag Butterworth filter. Time-

varying COPAP and COPML traces were calculated using the following approximations 

(Winter et al., 1996):

where dz is the distance from the surface to the platform origin (0.038m). Furthermore, the 

time-varying vertical torque (Tz) was calculated using the following approximation 

(Bouisset and Zattara, 1987):

It was demonstrated that measuring the COPAP during forward pushing is not always 

informative as the COP shifts backward then forward regardless of the asymmetry of stance 

and movement (Lee and Aruin, 2013, 2014). Thus, in the current study, the peak values of 

the vertical torque (Tz) and the COP displacement in the ML direction (COPML) were 

calculated. Variables of Tz and COPML were calculated for each trial and averaged over five 

trials to represent each condition.

Three-way repeated measures ANOVAs were performed with factors: weight, hand-use and 

foot-position separately for the Tz and COPML. A factor of weight was considered as a 

category parameter. Post hoc comparisons were done using Tukey’s Honestly Significant 

Difference test for significant interactions and main effects. Statistical difference was set at 

p <0.05. Means and standard errors are presented.
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Results

Vertical Torque

The averaged Tz, trajectories as a function of time are shown in Fig. 2. When pushing with 

two hands while standing symmetrically, the torque is close to zero Nm (Fig 2B). However, 

when the subjects were required to push with two hands while standing in asymmetrical 

stance, the Tz trajectories deviated towards the side of the back leg (Fig 2E, 2H). Moreover, 

when pushing was performed with one hand (asymmetry of pushing), the magnitude of the 

torque increased noticeably with the Tz trajectory moving towards the side of the pushing 

hand regardless of the feet position. In addition, the magnitudes of the torque were much 

larger in conditions with combined asymmetry of pushing movement and stance. This could 

be seen, for example, in conditions of pushing with the left-hand while standing with the 

right foot forward (Fig 2D), compared to asymmetrical push in symmetrical stance (Fig 2A). 

Similar effects of combined asymmetry could be seen when comparing Tz magnitudes 

during pushing with the right hand while standing with left foot forward (Fig 2I) and 

pushing with the right hand while standing symmetrically (Fig 2C). The increase in the Tz 

magnitude in conditions of using the hand on the side of the backward leg is a reflection of 

the added effects of the two asymmetries. On the contrary, the magnitudes of Tz in the trials 

with pushing with the right-hand while standing with right foot forward (Fig 2G) and 

pushing with the left-hand while standing with left foot forward (Fig 2F) were smaller 

compared to conditions when pushing with the hand on the side that is opposite to the foot 

placed forward. In this case, the smaller Tz magnitudes reflect the subtraction of the effects 

of asymmetries in conditions when pushing using the hand on the side of the forward leg.

Torque (Tz) was significantly affected by the main effect of hand-use and foot-position 

(Table 1). The values of Tz were −0.96 ± 0.95 Nm, 7.70 ± 1.26 Nm and -8.96 ± 1.39 Nm 

when pushing the pendulum with two hands, right hand only and left hand only respectively 

(averaged through feet-positions and weight conditions). For effects of foot-position, the 

values of Tz were −0.79 ± 2.30 Nm in the symmetrical (parallel) stance condition, −2.42 ± 

2.64 Nm in the right-foot forward condition and 0.98 ± 2.37 Nm in the left-forward 

condition, which were averaged through hand-use and weight conditions (Fig 3). The three-

way repeated measures ANOVA also revealed that Tz was significantly affected by the 

interactions between each of the two factors (Table 1). The magnitudes remained about zero 

Nm when two hands were used to push the pendulum regardless of the foot-position (Fig 

4A) or weight (Fig 4B). The torques were significantly different between pushing with 

bilateral hands and unilateral hands (p<0.001). In addition, when the pendulum was pushed 

with the right hand, the Tz were positive reflecting the clockwise body rotation and when the 

push was performed with the left hand, the Tz was negative reflecting the counterclockwise 

body rotation. The increase in weight of object to be pushed resulted in an increase of the Tz 

magnitudes. Thus when pushing the pendulum with one hand, Tz magnitudes were 

significantly larger in the heavy weight (HW) conditions than in the no weight (NW) 

conditions (Fig 4B). Increases in Tz magnitudes from no-weight to heavy weight were 

observed during the three foot-position conditions. A significant difference between foot-

position was seen only in the HW condition (Fig 4C).
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The COPML displacement

The magnitudes of the COPML displacement were significantly affected by hand-use and 

foot-position. Moreover, the data shown in Table 1 revealed interactions between hand-use 

and foot-position as well as foot-position and weight. Specifically, the COPML 

displacements shown in Fig 3 were −0.22 ± 2.36 cm, 1.48 ± 2.27 cm and −1.23 ± 2.54 cm 

when pushing the pendulum with two hands, right hand only and left hand only respectively 

(data averaged through feet-position and weight conditions). For the main effect of foot-

position, the displacements were −0.23 ± 0.93 cm in parallel stance, 5.58 ± 2.19 cm in right-

foot forward condition and −5.31 ± 2.43 cm in the left-foot forward condition (averaged 

through hand-using and weight conditions). When the two factors of hand-use and foot-

position (Fig 5A) or foot-position and weight (Fig 5B) are taken into consideration, the 

magnitudes were close to zero cm in the parallel stance condition. The observed positive 

COPML displacements suggest that the COPML moved to the left side when the right foot 

was placed forward. The negative COPML magnitudes while standing in the left-foot 

forward condition confirm that COPML was shifted to the right side. Significant difference 

in the COPML displacement was observed only between the right-foot and left-foot forward 

conditions with increased magnitudes in the extra weight of the pendulum (Fig 5C).

Discussion

The present study was conducted to investigate how changes in the symmetry of stance, 

hand use and weight of the object to be pushed affect the magnitude of the vertical torque 

and the COP displacement. The Tz was most sensitive to the changes in symmetry of the 

task induced by the hand used for pushing. Thus, the clockwise body rotation reflected in the 

positive Tz magnitudes (Bleuse et al., 2008; Yamazaki et al., 2005) was observed when 

pushing with the right hand. The counterclockwise body rotation (corroborated by the 

negative Tz) was found in the left-hand pushing conditions. On the contrary, the 

displacement of COP in the ML direction was mainly associated with which foot was placed 

forward or backward with minor changes induced by the symmetrical and asymmetrical 

pushing movement. The COPML displacement principally shifted towards the foot placed 

backward. Finally, pushing the heaviest object only enlarged the magnitudes of Tz and 

COPML and did not affect the patterns induced by asymmetrical hand-use or foot-position.

Pushing in symmetrical conditions

When the pushing task was performed in symmetrical stance using two hands, the Tz and 

COPML values remained around zero, which suggests that there was no body rotation. This 

outcome is in line with the observation of symmetrical muscle activities of the left and right 

trunk and lower extremity muscles in conditions with the symmetrical stance and pushing 

movement (Lee and Aruin, 2013, 2014). Thus our first hypothesis, that when pushing with 

two hands and standing symmetrically the magnitudes of the torque and COPML 

displacement would be minimal, was supported.

The effect of isolated asymmetry

Main effects of hand-use and foot-position both significantly affected the magnitudes of Tz, 

however, the values were larger in the asymmetrical hand-use conditions (Fig 2A and 2C) 

Lee and Aruin Page 6

J Biomech. Author manuscript; available in PMC 2016 January 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



rather than the asymmetrical foot-position conditions (Fig 2E and 2H). This implies that the 

torque was mainly affected by asymmetry of hand-use. Furthermore, the interactions 

between the two factors indicate that the effects of hand-use should be taken into 

consideration to explain the effects of asymmetrical posture in pushing. In the current study, 

clockwise body rotation (positive Tz value) was observed when using the right hand to push 

the pendulum. The counterclockwise rotation (negative Tz) was observed when pushing with 

the left hand. Similar asymmetry specific changes in the torque were described previously 

for the unilateral arm-raising movement (Bleuse et al., 2005; Bleuse et al., 2008; Bleuse et 

al., 2006; Yamazaki et al., 2005).

While hand-use asymmetries affected torque, changes in the COPML displacement were 

mainly associated with the foot-position. Thus, the COPML displacement deviated towards 

left side when right-foot was placed forward and vice versa in the right-foot forward 

condition. Similar stance-dependent changes in the COPML displacement were reported 

previously while studying the tasks of quiet standing involving different foot positions 

(Bonnet, 2012; Mochizuki et al., 2004; Wang and Newell, 2012).

The effect of combined asymmetry

Body rotation is mainly elicited by unilateral upper limb movement to push an object. Thus, 

body rotations were reported during rapid and asymmetrical arm movements (Yamazaki et 

al., 2005). Moreover, pushing while standing with the left foot forward and right foot 

backward resembles the heel-striking phase of gait, which confirms the trunk is rotating 

clockwise during asymmetrical stance (Li et al., 2001). The combined asymmetries of right 

hand-use and left foot placed forward created body rotation in a clockwise direction. This 

resulted in an increased Tz magnitude, which reflects the additive effect of the two 

asymmetries. Similar but opposite in sign increase in the Tz magnitude was seen in the 

condition of left hand-use with right foot forward. Conversely, the magnitude of Tz was 

smaller in the conditions of right/left foot forward with right/left hand pushing (reflecting 

the subtractive effect of the two asymmetries). This could be explained by the described 

rotation of body segments in the opposite directions during performance of the unilateral 

arm-raising movement. Thus pushing with the right hand induces rotation of the upper body 

in a clockwise direction. However, standing with the right foot forward creates rotation of 

the lower body in a counterclockwise direction. Additionally, in conditions of standing 

asymmetrically and pushing with one hand additive or subtractive effects of the combined 

asymmetry could be seen in the COPML magnitudes.

Pushing a heavy object requires exerting larger forces that could result in a large mechanical 

load on the low-back (Al-Eisawi et al., 1999; Hoozemans et al., 2007). In the current study, 

pushing the pendulum with the heavy weight attached resulted in larger magnitudes of 

torque and COP displacement (seen in Fig 4 and Fig 5); however, the difference between the 

conditions with three different weights was not statistically significant. Nevertheless, this 

finding suggests that the paths of Tz and COPML displacement were determined by 

asymmetries of hand-use and foot-position. On the other hand, it looks like an increase in 

weight of the object was associated with exerting larger force needed to perform the task 

which was resulted in the larger magnitude of Tz, reflecting greater body rotation.
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Exerting asymmetrical pushing forces between left and right hands in turning a cart resulted 

in increased trunk rotation (Lee et al., 2012). Moreover, the patient handling activities are 

frequently performed while standing asymmetrically. Such a body position is common when 

turning the patient in bed or repositioning posteriorly in the seat of the wheelchair (Skotte et 

al., 2002). Although the advances of asymmetrical standing are associated with the ability of 

a person to generate much stronger push forces and maintain proper balance control (Brace, 

2005), it is possible that generation of large moments around the vertical axis could increase 

the risk of back injury (Liu et al., 1985; Marras et al., 2009). The magnitudes of Tz and 

COPML displacement in each experimental condition with pushing different weights 

recorded in the current study were smaller in conditions with combined asymmetry of 

pushing movement and stance as compared to conditions of an isolated asymmetry of stance 

or hand-use. As such, the study outcome provides a base for optimization of the pushing task 

by, for example, pushing with the right hand while standing with the right foot forward. 

Thus, we can suggest that using a proper combination of asymmetrical pushing movement 

and stance may help to minimize the magnitude of vertical torque and COP displacement as 

well as stabilize balance even when pushing heavier objects.

Study Limitations

We explored pushing forward while standing in symmetrical or asymmetrical postures and 

applying force to the moving object with two hands or one hand. Thus, these results apply 

primarily to pushing tasks as would be experienced when manipulating a cart or carrying a 

patient without turning. The heaviest pushing weight was 222.26 N which is comparable 

with the weight of a 196 N two–wheeled hand cart used to study dynamic pushing. Since the 

pushing weight used in ergonomics studies can range from 196 N to 3136 N (Hoozemans et 

al., 1998; Nimbarte et al., 2013), additional studies are need to investigate vertical torque 

(Tz) and COP displacement during pushing of heavier objects. The observed reduction in the 

vertical torque while performing pushing task in the presence of the combined asymmetries 

might not be associated with the reduction in the internal musculoskeletal reactions. Finally, 

the linkage between vertical torque and the risk of back injury needs to be studied in the 

future by obtaining kinematic data, EMG data, and by using biomechanical simulation to 

provide comprehensive knowledge for the optimization of pushing posture and movement to 

reduce potential risks of injuries.

Conclusion

Effects of isolated hand-use asymmetry were reflected by changes in vertical torque, while 

alterations in isolated foot-position asymmetry were seen as changes in the COPML 

displacement. The effect of both asymmetries on vertical torque magnitude and COP 

displacement was either additive or subtractive depending on the combination of 

asymmetries. Body rotation could be reduced by performing the pushing task with the 

proper combination of asymmetrical foot-position and hand-use even when pushing the 

heavy weight. The findings provide additional information on the importance of taking the 

vertical torque and COP displacement into consideration when describing the effects of 

asymmetry during pushing.
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Fig. 1. 
The schematic representation of the experimental setup. As an example, the experimental 

condition with two hands pushing the pendulum while standing with right foot forward and 

left foot backward is shown. m- is the additional weight attached to the pendulum.

Lee and Aruin Page 11

J Biomech. Author manuscript; available in PMC 2016 January 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2. 
Trajectories of the vertical torque during pushing an object are shown for the group. 

Experimental conditions: 1) Hand-use (shown with the hand prints on the top): Pushing with 

only the left hand, both hands and only the right hand; 2) Foot-position (shown with the foot 

prints on the left): Standing with the left foot forward, parallel stance and with the right foot 

forward. Changes in the amount of weight to be pushed (no additional weight, light weight 

and heavy weight) are shown with the light gray, dark gray and black lines respectively. 

Positive sign represents clockwise rotation and negative sign represents counter-clockwise 

rotation

Lee and Aruin Page 12

J Biomech. Author manuscript; available in PMC 2016 January 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3. 
The effects of weight, pushing movement and stance on the Tz magnitude and COPML 

displacement.
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Fig. 4. 
The interaction between pushing movement and stance (A), pushing movement and weight 

(B) and stance and weight (C) for Tz. Brackets show statistical significance (p<0.05).
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Fig. 5. 
The interaction between pushing movement and stance (A), pushing movement and weight 

(B) and stance and weight (C) for the COPML displacement. Statistical significance (p<0.05) 

is shown with brackets.
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Table 1

The results of three-way repeated measure ANOVAs for the Tz and COPML.

TZ COPML

Main Effect F(2,18) p F(2,18) p

Pushing movement (P) 89.442 <.001 22.898 <.001

Stance (S) 17.428 <.001 33.068 <.001

Weight (W) 1.039 .374 0.086 .918

2 Way Interaction F(4,36) p F(4,36) p

P×S 10.285 <.001 16.176 <.001

P×W 53.739 <.001 0.480 .750

S×W 10.305 <.001 3.633 .014

3 Way Interaction F(8,72) p F(8,72) p

P×S×W 1.700 .113 1.959 .064

F and p values are presented and significant p-values are indicated in bold.
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