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abstract
The process of scientifically developing selection screening or test batteries for jobs that require high physical demands and specific human characteristics or capabilities has received increasing attention globally over the past decade. ERGOnomics TECHnologies (ERGOTECH) have been responsible for the development of test protocols to collect data for functional body strength including lifting and carrying strength, hand and finger strength as well as neck strength on representative samples of the South African National Defence Force (SANDF) population. The implication of the gender differences in functional body strength is that tasks must either be designed to be gender independent or a specific selection process based on physical demands of the job must be implemented. These data together with scientific processes including the update of physical demands for post profiles, the determination of user limitations and the heaviest of the physical task demands are currently being used in two domains in order to provide scientifically based selection criteria and equipment evaluation tools for posts within the SANDF. Firstly this method has been used in the development of a selection criteria test battery for armour crews. Secondly the results are being used to develop biomechanical models representative of the SANDF population in terms of biomechanics characteristics. These models are to be used in the evaluation of tasks required by specific post profiles as well as the evaluation of equipment prior to field trials in order to access safety and accommodation of the end user population. The paper will present the methods for all three research focus areas including the collection of the strength data, the development of the selection criteria test battery as well as the biomechanical modelling.
1.0
introduction
The impact of addressing the ergonomic principle of "fitting the task to the man", has gained a broader understanding and support within military planning, research and development groups in recent times.  The fact that equipment, apparel and weapons can be more effectively used, that costs can be contained where inappropriate design or acquisitions was avoided, as well as the reduction of health and safety risks is now recognised in many fields of application. Anthropometric data on South African military personnel (1) has been used to good effect for some time now. Functional body strength data must similarly be applied in order provide relevant professionals with additional information critical to strategic planning and design of task execution during training and operational deployment (2). Subsequently ERGOTECH has been collecting and updating functional body strength data for the SANDF since 2001 (3).
The process of scientifically developing selection screening or test batteries for jobs that required high physical demands and specific human characteristics or capabilities has received increasing attention globally over the past decade. The focus has been primarily on high risk jobs such as fire fighters, special military and police forces and underground miners. The principle of applying ergonomics in the workplace is to design a work environment that is suitable for 90% of the feeder population to those jobs.  However, this is often not possible; re-engineering or design limitations of the workspace or equipment cannot always be done.  There are inherent physical characteristics or capabilities of a human that are within the normal variation of healthy workers, such as i.e. lower upper body strength, low aerobic capacity or a persons of very short stature that makes that person not suitable to perform specific job demands safely or effectively (4). Gledhill et al (5) and Constable and Palmer (6) documented their scientific process with which to develop legally defendable selection and fitness standard test batteries for job post profiles in Canada and United States of America.  Since no similar data were available for South Africa and specifically the SANDF, ERGOTECH, with the support of the SANDF Armour Formation, developed an objective selection test battery based on quantified job demands.
Biomechanical analysis plays a key role in task and job analysis as well as in equipment design and development to reduce musculoskeletal risk to the worker (7; 8, 9, 10).  The advancement in computer technology and data processing capability has allowed the improvement of modeling software to a point where dynamic problems can now be simulated and analyzed in a digital environment (11, 12, and 13). ERGOTECH has been generating biomechanical models that are based on SANDF anthropometry and functional body strength data.  The models will consist of a range that will be representative of 90 percent of the male and female SANDF population in terms of anthropometry and functional body strength (ranging from small to large and from weak to strong).
2.0
Functional Body Strength

2.1
Methods
Various experimental studies have been conducted by ERGOTECH in order to establish a database representative of the functional strength capabilities of the SANDF. These studies collected data inclusive of various movement patterns, maximal strength evaluations as well as endurance capabilities. 
2.1.1
General body strength assessments

In order to assess strength capabilities often required during normal daily activities, ERGOTECH established a test battery based on twenty body strength test conditions (Table 1). The test conditions involved force application of the upper limbs and one test condition involved the force application of the lower limb. The simulated tasks were determined to be representative of work activities where the application of biomechanical forces are required to activate a component of human interface, i.e.) levers, hatches.  Free postures were allowed within reason, to mimic the movement patterns that individuals would typically use in the application of force. These natural movement patterns would provide more realistic strength values for the application of design criteria than pure clinical strength testing of isolated muscle strength. Trolley push and pull, arm strength push, pull and horizontal lever push capabilities were tested under isometric conditions.  Leg strength, wheel turning, wrench turning and arm strength (overhead lift) were tested under isokinetic conditions with an angular velocity of 30(/s using the Cybex norm 7000 Isokinetic dynamometer. The hand strength was measured using a Takei Kiki Kogyo Grip dynamometer.  
Table 1: Description of the 20 Body strength test conditions
	No
	Description
	Type

	
	
	

	1
&

2
	Grip strength Left & Right
	Squeeze grip
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	3
	Trolley push
	Push
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	4
	Trolley pull
	Pull
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	5

&

6
	Leg strength (pedal-type) Left and Right
	Push
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	7

&

8
	Wheel-turning clockwise & anti-clockwise
	Turn
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	9
	Wrench-turning dominant hand
	Pull
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	10
	Wrench-turning dominant hand, whole body free posture
	Pull
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	11

&

12
	Arm strength Left and Right
	Push
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	13

&

14
	Arm strength Left and Right
	Pull
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	15

&

16
	Arm strength horizontal lever push (In) Left and Right
	Adduction
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	17

&

18
	Arm strength horizontal lever pull (Out) Left & Right
	Abduction
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	19

&

20
	Arm strength overhead lift. Left & Right
	Push
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2.1.2
Manual handling strength assessments

Test protocols were designed by ERGOTECH to collect functional body strength data on the lifting and carrying capabilities typically used during work activities for the corps of the SANDF for whom manual handling is an inherent part of their job. Tests were designed to represent more common work lifting and carrying tasks inclusive of:

· Functional lifting ability for one-handed and two-handed lifts from ground to different levels.

· Functional carrying ability for a two handed carry of long circular shaped item with poor hand holds such as projectiles, gun or mortar barrels over short distances.

· Hand-hold tolerances for a sustained hold of external loads such as for stretcher carry at knee, waist and shoulder height.

· Repetitive lifting of box objects from ground to knee – to waist – to shoulder level. The levels of lifting were set as follows:

· Knee height = 400mm

· Waist height = 900mm

· Shoulder height = 1500mm
2.1.3
Hand strength and neck assessments

Lastly protocols for hand and neck strength capability were designed making use of identified common parameters found from previously performed job analyses. Measurements were designed to simulate functional applications (both maximal strength and selected endurance applications) faced during operation of equipment inclusive of:
· Functional grasp ability for four different types of grasps: palmar, lateral pinch, tri-pod and point to point.

· Functional push and pulling forces for the index finger as well as pushing forces for the thumb.

· Functional torque forces for the wrist as well as the fingers (tri-pod grasp).

· Isometric neck strengths for flexion, extension, lateral flexion (to the right and left) and axial rotation (to the right and left).

2.2
Results
2.2.1
General body strength assessments

The results of the 20 body strength variables indicated that the strength capabilities differed significantly between the males and females.  Overall, the females were capable of approximately 60% biomechanical force production of that of their male counterparts.  This finding is in keeping with the literature, which suggests that female strength is typically 2/3rd’s of that of male strength, with lower extremity strength having a better correlation than the upper extremities.  While hand grip strength was as low as 50% for the females compared to the males, whole body force application test conditions including the trolley push and pull were much higher at 70-80%.  Female arm strengths were approximately 60% of the male values, with ’pulling’ having a better correlation than the ‘pushing’. The South African strength values differed from the available international data. The relevance of this fact must be to remain cognisant when procuring equipment and systems that were developed for foreign populations. 
2.2.2
Manual handling strength assessments

The results for the lifting and carrying tasks for the male and female data indicated that females were able to perform at up to 60 % of the capacity of the males for lifts and holds at the knee level.  This capacity was further reduced when the lifts and holds took place at the waist and shoulder levels.  Their capacity was reduced generally up to 45% of that of their male counterparts.  These results are in keeping with other international findings (14).  This finding is explained due to a greater upper body muscle mass of most males in comparison to females.  The implication is again that selection must be based on successful completion of the physical demands for that post, and that unless specifically selected; females will typically experience more difficulty when lifting items onto or from high locations such.
2.2.3
Hand strength and neck assessments

Male participants achieved higher force values during all of the hand and finger strength measurements compared to that of the female participants. All the differences between the male and female participants were statistically significant. No correlations were found between the maximum force values and the amount of repetitions that could be performed in 30 seconds at 30% of peak force. The male participants performed more repetitions than the female participants in all six of the endurance test set-ups. The gender differences for endurance values recorded during the index finger toggle pull, index finger button push (horizontal) and index finger button push (vertical) were all statistically significant.  
The male participants were stronger than the female participants in all six of the directions measured during the isometric neck strength assessment. Although this trend is to be expected due to the differences in muscle mass between the genders, literature differs significantly on the exact magnitude of the differences. Jordan et al. (15) proposes differences of 20-25% while Chiu et al. (16) suggests men have approximately 20-70% greater isometric muscle strength than women.  The values for the current study seem to be closer to the work presented by Chiu et al. (16). The males had values of approximately 107% higher for flexion, 44% higher for extension, 49% higher for lateral flexion and 63% higher for rotation. The mean strength values for neck flexion were 53.8N and 110.9N for females and males respectively. The mean strength values for extension were 67.2N and 96.8N for females and males respectively. The female participants presented with lateral flexion values of 38.1N (right) and 38.4N (left) while the males had lateral flexion values of 57.3N (right) and 54.9N (left). As expected rotational strengths were the lowest of that measured, the females presented with values of 6.2Nm (right) and 6.4Nm (left) while the male participants presented with rotational strength values of 9.9Nm (right) and 10.5Nm (left).

2.3
Conclusions and Recommendations

The strength capabilities differed significantly between male and female soldiers of the SANDF.  Overall, the females were capable of approximately 60% of the biomechanical force production of their male counterparts during the general strength assessments.  This finding is in keeping with the literature, which suggests that female strength is typically 2/3rd’s of that of male strength, with lower extremity strength having a better correlation than the upper extremities.  The application of the manual handling data is to be used in the process of design or acquisition of any object or component that requires manual handling by SANDF personnel.  The proper application of the data should ensure that the safe lifting and carrying capabilities of operational SANDF members are not exceeded, to reduce the risk of injury, disability or lack of productivity. The male participants were stronger in all the strength measurements of the hand and fingers and all of these differences were statistically significant. The male participants performed more repetitions than the female participants in all of the endurance testing for the hands and fingers.  The male participants were stronger than the female participants in all six of the directions measured during the isometric neck strength assessment. The differences between the strength capabilities of the male and female personnel could have serious implications for the effective and safe use of equipment during training and deployment.  As female personnel are deployed in traditional roles within all arms of service, all systems, workstations and equipment must be adjusted accordingly to accommodate the capabilities of the 5th percentile female.  This should indicate a review of workstations and equipment and likewise the criteria used for design and procurement processes.

3.0
selection criteria test battery from post profiles

3.1
Methods

A scientific process was followed which included the update of the physical demands for the post profiles of the crew members for two different armoured vehicles, the determination of the limitations of the crew envelope of both of the vehicles and the heaviest of the physical task demands.  These data were then used to develop a selection criteria test battery. The test battery included aspects of functional strength, anthropometric (body dimensions) and visual capabilities.  
It was accepted in principle that in developing a selection criteria test battery using a scientific process, the following aspects must be included:
· Objectively draft a selection screening test battery based on the physical demands of post profiles.
· Must be non discriminatory for gender or age or skill.
· Must allow for training and physical conditioning improvements.
· Must be validated and reviewed.

The process to be followed is presented in Figure 1 and adapted from Gledhill et al (5).
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Figure 1: Proposed process for selection criteria based on post profiles [(adapted from (5)].

Further requirements for the process were agreed upon as follows:
· A short administration time.
· Tests should not require specialist skills to administer.

· Testing equipment should be relatively inexpensive and easily transportable.

It was agreed that four crew positions were to be used as the point of departure for a pilot study concerned with the SANDF Armour Formation selection. Those crew positions were:

· Crew Commander

· Driver

· Loader

· Gunner

The evaluation of the personnel envelope of the vehicles was used to determine any limiting anthropometric variables. Personnel should be accommodated within the available space within an acceptable seated or standing posture.  Limitations of hand and foot reach for any crew positions that operated controls as well as functional viewing height for those crew positions that used sights or episcopes were determined. 
The masses of the objects and the heights of the surface from which they were lifted and the forces required to open hatches and depress pedals were analysed from the post profiles and grouped together to represent the functional movement required to safely perform the physical demands. 

Numerous studies have addressed the potential for strength improvement with various methods of physical training, these studies report that an increase within 8 weeks of attending a specific training programme can result in increases in the strength of large muscles groups of between 11 - 25% (17,18) and in exceptional cases up to 30% (19, 20, 21).  Dias et al (17) reported that women benefited more than men from the strength training achieving greater overall improvements in strength. However, men still have greater strength capacity results in all the tests.  Only a percentage of the mass required to be lifted was used in the test battery and not the actual mass of objects typically lifted, in order to allow for improvement of the strength conditioning of the new recruits. This expected improvement occurs with task specific physical training in the muscle groups required to perform the task. In other words, upper body strength training is critical to opening hatches and lifting ammunition through the hatches or from the vehicles, likewise lifting the camouflage net during camouflage activities.  General physical training will not adequately prepare a person to perform these tasks.  The training is required to ensure that persons reach their potential physical strength capabilities. 
Subject experts reported that crew members would have to conduct observations such as target detection from the tank and read the displays on the sights.  To conduct these tasks, contrast sensitivity and sometimes colour vision is important and not just visual acuity.  Visual acuity would however already have been determined during the entrance medical exams for new recruits or applicants so were not considered in this selection test battery, the same is true for hearing acuity. Nolte, (22) reported a detailed explanation of contrast sensitivity and colour vision capabilities and their application to the physical demands of the SANDF soldier.  It was also reported by Beard et al. (23) that “contrast sensitivity is the measure of the limit of visibility for low contrast patterns.  Only with sufficient contrast do objects become distinct enough to be detectable from their background”, thereby confirming the importance of contrast vision for field observation skills.  Thus, it was proposed to determine contrast sensitivity capability according to the standardised protocol using the Functional Acuity Contrast Test (FACT) board and colour vision using the Ishihara colour vision test.
Participants were interviewed on a one to one basis regarding their perceptions of important capabilities or characteristics to perform their jobs within the crew. The feedback was received and analysed as qualitative data.  

3.2
Results
Twenty nine SANDF Armour Formation personnel participated in the selection test battery trial.  Nineteen of the participants were males, the remainder were females.  It was not possible to confirm that these participants were indeed successfully performing the full physical demands of their duties.  There were remarks by participants referring to assistance given by stronger crewmembers to compensate for crewmembers who were unable to manage the heavy physical task demands.

The summary requirement and required pass criteria are indicated in Table 2. The functional strength tests were set using 75% of the masses of objects typically handled as reported in the job demands. Safe lifting techniques were demonstrated to the participants prior to completing the test.  The leg / pedal force pass score were taken at 70% of the measured forces.  
Table 2: The pass criteria for general selection

	Measurement
	Limit or demand
	Pass criteria

	Stature [mm]
	Standing
	<1775

	Shoulder/ hip width [mm]
	Hatch width
	<530

	Seated eye height [mm]
	Viewing episcopes height adjustment range
	Actual measurement mm

	Functional viewing eye height [mm]
	Viewing episcopes height adjustment range
	Min 640 - <940

	Functional leg length [mm]
	Distance taken from SRP* to pedals, with seat in most forward position
	Actual measurement [mm] Pass = or > 840

	
	Leg reach to pedals
	Seated upright and leg length can reach required distance marked at 840

	Leg/pedal push [N]
	Operation of pedals
	Pass = or > 220 N or 22.4 kg

Mean of two trials

	Ammunition box lift [kg]
	Manual handling
	15

	Overhead-lift[kg]
	Opening hatches
	23

	Contrast
	Target location
	Failed not more than 2 of the 5 categories on FACT

	Colour
	Sight and map reading
	Pass the Ishihara colour test


* Seat reference point
Figure 2 presents the pass fail results for the total group on the generic criteria for Armour personnel.  Forty eight percent passed the entire test battery.  Seventeen percent failed one or more of the anthropometric limitations only, 21% failed one or more of the strength tests, 10% of the group failed on both anthropometry and the strength tests.  No-one failed the colour vision tests and only one person failed 2 of the 5 categories of contrast sensitivity as well as an anthropometric limitation. The vision test results alone did not result in a fail for any participants.  Likewise no-one exceeded the limits for shoulder or hip widths.


Figure 2: Results for the total group applying general criteria
Those who failed on anthropometry alone would have to be considered on a case-by-case basis as those persons that could functionally perform or who can be placed into a crew position that did not have a limiting factor influencing it, i.e. the stature for the loader.  

The group of participants that failed on both anthropometric limitations and strength are more of a concern, as the small 4 person crew does not allow for much leeway in terms of distributing the work load when it comes to physical demands.  If only two or three of the crew can effectively do heavy lifting then the strain on the remaining crew members obviously increases which can affect endurance, fatigue and long term performance.  

The other concern is for persons who are placed into crew positions that have physical work demands which exceed their physical capability and are at risk for injury, (14, 25, and 26).  This is a matter that requires serious consideration for persons who are placed into posts without being specifically selected.  The pass rate of this group against the physical demands was not acceptable for current incumbents, and was expected to be higher. 

The pass results improved somewhat when the results are applied against specific post profiles as presented in Figure 3.  Fifty five percent of the group passed according to their crew position criteria, 10% failed on the anthropometry limitations primarily tall men that were loaders, 31% failed on the strength tests primarily the heavy masses and the overhead press, only 4% now failed multiple tests in the battery and would not have been considered suitable as Armour crewmembers.


Figure 3: Results for the total group applying post specific criteria
The results were also analysed per gender groupings against the general criteria, see Figure 4 and Figure 5 for the crew positions test results.  The test batteries are objectively based on the physical job demands and are therefore not gender biased. However there were some differences in the failure rate according to gender.  The pass rate was similar for both males and females.  Males had a greater fail rate due to exceeding anthropometric limits and this was again tall men that would have the limitation of the loading area.  Fifty percent of females passed all the test batteries and fifty percent failed on both anthropometry and strength tests.  Overhead press and lifting of heavy masses could not be performed by these members.  Those members that are in crew positions and being expected to perform the physical tasks could be at risk to sustain an overstrain work related injury.  It must also be noted that these participants are in the posts currently and therefore should be conditioned and fit to perform the job. They were not applicants from the civilian population that were undergoing a selection board. When analysed according to crew post demands, the pass rate improved for the males and worsened for the females on the strength test results. These results are not unexpected as previous studies (2) found that females have typically 60% of that of the males’ lower leg strength and 40% of their upper body strength capability.  However, it goes without saying that a female capable of safely performing the tasks should be given the same opportunity as their male counterparts.


Figure 4: Results per gender applying general criteria


Figure 5: Results per gender applying post specific criteria
3.3
Conclusions and Recommendations
The physical demands for the post profiles of the crew members were updated and the range and limitations of the capabilities of the task demands used to develop a selection criteria test battery. The test battery included aspects of functional strength, anthropometric (body dimensions) and visual capabilities.  Twenty nine current incumbents completed the test battery and the results were analysed. Less than 50% of the incumbents passed the full battery.  Males who failed the test battery were taller than the stature limitation for the loader position; female failures were primarily due to insufficient strength capabilities and then secondly due to anthropometry limits.  The total pass rate was less than expected and therefore additional verification on the test battery should take place. Persons who are placed into posts that have heavy physical tasks demands without the appropriate capability or potential to develop that capability are at risk for injury or overloading their crew members’ workload. There is currently no physical selection test battery nor a specific physical strength programme in place for SANDF Armour Formation crewmembers and therefore the personnel in certain crew positions are at risk of injury (not war related) or negatively influencing the performance of the crew (7).

The selection test battery should be implemented in future using the general pass criteria.  A second order of testing should be used to assist in determining crew position allocation on personnel who have successfully completed basic training.  This second selection testing will include the contrast testing. A verification trial must be conducted following 6-12 months of on the job experience by personnel who have undergone the selection test battery.  The pass fail criteria or test battery must be reviewed with these results. Selection test batteries must be developed for other posts and other corps as well as more specific functional strength conditioning programmes.

4.0
biomechanical modelling
4.1
Methods
The aim of this study was to build a biomechanical model that is based on South African National Defence Force (SANDF) anthropometry and functional body strength data.  This model is one of a range that will be representative of 90 percent of the male and female SANDF population in terms of anthropometry and functional body strength (ranging from small to large and from weak to strong).  A literature review was conducted to investigate the relationship between anthropometry and functional body strength body characteristics. The linear correlations were investigated by means of the Pearson’s correlation test between anthropometry and functional body strength data from the SANDF biomechanics database.  Three functional body strength variables were selected for incorporation into the biomechanical model, which included peak isokinetic pedal push leg strength (30 º/sec, peak isometric back strength at knee level and peak isokinetic overhead lift (30 º/sec).  These three variables were selected to represent upper body, lower body and torso strengths (24).

A 6 camera Qualisys postural analysis system was used for the collection of kinematic data (postural and motion data that is representative of postures adopted during the measurement of functional body strength data).  LifeModTM, a plug-in developed in the dynamics analysis Computer Aided Design (CAD) software, ADAMS, enables the modeling of a human body with biomechanical properties including bone segments, joints and muscles and was used during the modeling process (24). 
Several iterations of simulation and analysis were completed for the functional body strength scenario’s, to obtain the optimum joint stiffness and damping settings as well as muscle characteristics to execute the respective body strengths.  The biomechanical strength of this model was validated against SANDF biomechanics data reserved for the validation process.  These variables included a box lift from knee to waist height. The maximum weight that the model could lift in both box lift and stretcher lift and carry scenarios was determined.  This maximum weight was then compared to what a SANDF female with similar anthropometric characteristics would be able to lift (as found in the SANDF biomechanics database) to determine the accuracy of the model to represent the modelled functional capability (24).

4.2
Results
Box lift from the knee to waist height was simulated by using the biomechanical model (Figure 6).  The maximum box mass that the biomechanical model could lift compared to the mass that a SANDF female with similar corresponding anthropometry should be able to lift is indicated in Table 3.  Also indicated in Table 3 is the percentage error between the model and actual functional body strength values.
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Figure 6: The biomechanics model simulating box lift (24).

Table 3: Model versus actual SANDF female functional body strength values compared
	Functional body strength task
	Weight that a female could lift
[kg]
	% error

	
	Biomechanical model
	SANDF female
	

	Box lift (knee to waist)
	24
	27
	11


4.3
Conclusions and Recommendations

A biomechanical model, the first in a range of biomechanical models that will be representative of the SANDF in anthropometry and functional body strength was built.  Validation of the functional body strength capabilities of this model indicated an 11 percentage underestimation error when compared to the actual functional body strength data.  Errors in functional strength values predicted by the model could be attributed to the tasks used during the modelling process not describing the functional strength of all muscle groups in the full body model.  The modelling process required multiple iterations to identify optimal model characteristics such as joint stiffness and damping, foot-floor contact characteristics and motion tracking settings. It was found that the quality of the motion data as well as the match between anthropometric segment lengths of the motion data participant and that of the biomechanical case model impacts the accuracy of biomechanical analysis outcome.  Other biomechanical models should be developed to complete a range that is representative of SANDF males and females in functional body strength and anthropometry. Increased accuracy of the model range could be accomplished by including a more comprehensive range of functional tasks during the development phase of this model (24).  
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