
NASA/TP–2008–214782 
 

 
 

 

Reliability of Strength Testing Using the 
Advanced Resistive Exercise Device and Free 
Weights 
 
Kirk L. English, M.A.1 
James A. Loehr, M.S.2 

Stuart M.C. Lee, M.S.2 
Mitzi A. Laughlin, Ph.D.2 
R. Donald Hagan, Ph.D.3 
1JES Tech, Houston, TX 
2Wyle Integrated Science and Engineering Group, Houston, TX 
3NASA Johnson Space Center, Houston, TX 
 
 
 
 
 
 
 

 
  
 
 
 

 

 

 
December 2008 



THE NASA STI PROGRAM OFFICE . . . IN PROFILE 
 

Since its founding, NASA has been dedicated to 
the advancement of aeronautics and space 
science. The NASA Scientific and Technical 
Information (STI) Program Office plays a key 
part in helping NASA maintain this important 
role. 
 
The NASA STI Program Office is operated by 
Langley Research Center, the lead center for 
NASA’s scientific and technical information. 
The NASA STI Program Office provides access 
to the NASA STI Database, the largest 
collection of aeronautical and space science STI 
in the world. The Program Office is also 
NASA’s institutional mechanism for 
disseminating the results of its research and 
development activities. These results are 
published by NASA in the NASA STI Report 
Series, which includes the following report 
types: 
 
• TECHNICAL PUBLICATION. Reports of 

completed research or a major significant 
phase of research that present the results of 
NASA programs and include extensive data 
or theoretical analysis. Includes 
compilations of significant scientific and 
technical data and information deemed to be 
of continuing reference value. NASA’s 
counterpart of peer-reviewed formal 
professional papers but has less stringent 
limitations on manuscript length and extent 
of graphic presentations. 

 
• TECHNICAL MEMORANDUM. Scientific 

and technical findings that are preliminary 
or of specialized interest, e.g., quick release 
reports, working papers, and bibliographies 
that contain minimal annotation. Does not 
contain extensive analysis. 

 
• CONTRACTOR REPORT. Scientific and 

technical findings by NASA-sponsored 
contractors and grantees. 

 

• CONFERENCE PUBLICATION. Collected 
papers from scientific and technical 
conferences, symposia, seminars, or other 
meetings sponsored or cosponsored by 
NASA. 

 
• SPECIAL PUBLICATION. Scientific, 

technical, or historical information from 
NASA programs, projects, and mission, 
often concerned with subjects having 
substantial public interest. 

 
• TECHNICAL TRANSLATION. English-

language translations of foreign scientific 
and technical material pertinent to NASA’s 
mission. 

 
Specialized services that complement the STI 
Program Office’s diverse offerings include 
creating custom thesauri, building customized 
databases, organizing and publishing research 
results . . . even providing videos. 
 
For more information about the NASA STI 
Program Office, see the following: 
 
• Access the NASA STI Program Home Page 

at http://www.sti.nasa.gov 
 
• E-mail your question via the internet to 

help@sti.nasa.gov 
 
• Fax your question to the NASA Access Help 

Desk at (301) 621-0134 
 
• Telephone the NASA Access Help Desk at 

(301) 621-0390 
 
• Write to: 
 NASA Access Help Desk 
 NASA Center for AeroSpace Information 
 7121 Standard 
 Hanover, MD 21076-1320 
 



NASA/TP–2008–214782 
 

 
 

 

Reliability of Strength Testing Using the 
Advanced Resistive Exercise Device and Free 
Weights 
 
Kirk L. English, M.A.1 
James A. Loehr, M.S.2 

Stuart M.C. Lee, M.S.2 

Mitzi A. Laughlin, Ph.D.2 
R. Donald Hagan, Ph.D.3 
1JES Tech, Houston, TX 
2Wyle Integrated Science and Engineering Group, Houston, TX 
3NASA Johnson Space Center, Houston, TX 
 
 
 
 
  

 
 
 
 
 
 
 
 
National Aeronautics and 
Space Administration 
 
Lyndon B. Johnson Space Center 
Houston, Texas 77058 
 
December 2008 



  

ACKNOWLEDGEMENTS 

 
We would like to thank our subjects for their enthusiastic participation in this study, Jason 
Bentley and Mark Leach for their extensive involvement with data collection and hardware 
configuration, and the ARED Engineering Team for their collaboration and cooperation. This 
report is dedicated to our friend and mentor, Don Hagan. 
 
 

Available from: 
 

NASA Center for AeroSpace Information National Technical Information Service 
7115 Standard Drive 5285 Port Royal Road 
Hanover, MD 21076-1320 Springfield, VA 22161 
Phone: 301-621-0390 or 703-605-6000 
Fax: 301-621-0134 

 
This report is also available in electronic form at http://ston.jsc.nasa.gov/collections/TRS/ 



 

  i

CONTENTS 
 
ABSTRACT........................................................................................................................... 1 
 
INTRODUCTION ................................................................................................................. 2 
 
METHODS ............................................................................................................................ 3 
Subjects .................................................................................................................................. 3 
Equipment .............................................................................................................................. 3 
Procedures.............................................................................................................................. 4 
Statistical analyses ................................................................................................................. 7 
 
RESULTS .............................................................................................................................. 7 
 
DISCUSSION........................................................................................................................ 9 
Reproducibility of 1-RM measurements................................................................................ 11 
Relationship between FW and ARED 1-RM......................................................................... 12 
Conclusions............................................................................................................................ 13 
 
REFERENCES ...................................................................................................................... 13 
 
 
 
 

FIGURES 
 
1 Schematic of ARED................................................................................................... 4 
2 Squat start/finish and mid-position using ARED ...................................................... 5 
3 Heel raise start/finish and mid-position using ARED................................................ 6 
4 Deadlift start/finish and mid-position using ARED................................................... 7 
5 Within device differences in mean (± SE) 1-RM between sessions for squat,  
 heel raise, and deadlift. + all within device pairwise comparisons significantly  
 different (p < 0.05), * significantly different from Session 1 (p < 0.05),  
 § significantly different from Session 2 (p < 0.05).................................................... 8 
 
 
 
 

TABLES 
 
1 1-RM Testing Protocol .............................................................................................. 5 
2 G-coefficients and Intraclass Correlation Coefficients for FW and ARED .............. 9 
3 Pearson’s Correlation Coefficients and Interclass Reliability of 1-RMpeak  
 for Squat, Heel Raise, and Deadlift on FW and ARED............................................. 9 



 

  ii

ACRONYMS AND ABBREVIATIONS 
 
 
ANOVA analysis of variance 
ARED Advanced Resistive Exercise Device 
 
BMD bone mineral density 
 
EVA extravehicular activity 
 
FW free weight 
 
G generalizability 
 
1-RM one-repetition maximum 
1-RMpeak highest 1-RM value 
ICC intraclass correlation coefficients 
iRED interim Resistive Exercise Device 
ISS International Space Station 
 
1-g normal gravity 
 
R Pearson’s correlation coefficients 
 
 



 

  1

ABSTRACT 

Introduction: The Advanced Resistive Exercise Device (ARED) was developed for use on the 
International Space Station as a countermeasure against muscle atrophy and decreased strength. 
This investigation examined the reliability of one-repetition maximum (1-RM) strength testing 
using ARED and traditional free weight (FW) exercise. Methods: Six males (180.8 ± 4.3 cm, 
83.6 ± 6.4 kg, 36 ± 8 y, mean ± SD) who had not engaged in resistive exercise for at least 6 months 
volunteered to participate in this project. Subjects completed four 1-RM testing sessions each for 
FW and ARED (eight total sessions) using a balanced, randomized, cross-over design. All testing 
using one device was completed before progressing to the other device. During each session, 1-RM 
was measured for the squat, heel raise, and deadlift exercises. Generalizability (G) and intraclass 
correlation coefficients (ICC) were calculated for each exercise on each device and were used to 
predict the number of sessions needed to obtain a reliable 1-RM measurement (G ≥ 0.90). Inter-
class reliability coefficients and Pearson’s correlation coefficients (R) also were calculated for 
the highest 1-RM value (1-RMpeak) that was obtained for each exercise on each device to 
quantify 1-RM relationships between devices. Results: 
 

 FW ARED Between 
Devices 

 G-
coefficient 

from 3 
sessions 

G-
coefficient

from 4 
sessions 

No. of 
sessions 
needed 

to obtain
G ≥ 0.90 

G-
coefficient 

from 3 
sessions 

G-
coefficient

from 4 
sessions 

No. of 
sessions 
needed 

to obtain 
G ≥ 0.90 

 
 

R 

 
 

ICC 

Squat 0.91 0.94 3 0.86 0.89 5 0.56 0.71 
Heel raise 0.89 0.94 3 0.90 0.94 3 0.33 0.50 
Deadlift 0.99 0.99 1 0.97 0.98 1 0.17 0.29 

 
Discussion: Three or fewer 1-RM sessions using ARED are required to obtain a reliable 
1-RM measure for heel raise and deadlift exercises, but five sessions are needed to achieve 
reliable values when performing 1-RM testing for the squat exercise. Reliable values were 
obtained using FW after three sessions for all three exercises. Neither FW nor ARED 1-RM 
accurately predicted the 1-RM that was measured using the other device. 
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INTRODUCTION 
Musculoskeletal deconditioning is apparent after sustained microgravity exposure. Significant 
muscle atrophy, change in muscle morphology, and reduction in strength have been found after 
space flights as short as 5 to 11 days (Edgerton et al., 1995; Greenisen et al., 1999). Following 
long-duration space flight, strength and muscle mass losses approach 30% in some lower body 
muscle groups despite the performance of in-flight exercise countermeasures (Leblanc et al., 2000; 
Lee et al., 2004). Reduced muscle strength during long-duration space flight might increase fatigue 
and injury risk during strenuous tasks such as extravehicular activity (EVA) during International 
Space Station (ISS) construction and planetary exploration. Bone also undergoes deleterious changes 
such as increased calcium turnover during, and reduced bone mineral density (BMD) following, 
long-duration space flights (Smith et al., 1999). These changes might increase the risk of fracture 
in crew members during strenuous activities or falls, or upon re-exposure to gravitational stress 
(Lang, 2006). 
 
Resistive exercise training is currently employed as a countermeasure to maintain 
muscle strength, muscle mass, and BMD during space flight. The interim Resistive Exercise 
Device (iRED), which is the current resistive exercise device on the ISS, is not as effective as 
ground-based free weight (FW) training for increasing strength and BMD in ambulatory subjects 
(Schneider et al., 2003) and does not provide the high loads that have been shown to be protective 
during bed rest (Bamman et al., 1998; Shackelford et al., 2004). Results from early ISS missions 
suggest that iRED exercise may not be protective of isokinetic muscle strength (Lee et al., 2000) 
and BMD (Lang et al., 2004). Although iRED exercise was not the only countermeasure that was 
employed on these missions, perhaps the functional characteristics of iRED, such as a lower net 
eccentric force of approximately 60% to 70% concentric force, a lack of inertial forces, and an 
altered resistance profile relative to FW training, explain these differences (Lee et al., 2004). 
 
In response to these limitations, the Advanced Resistive Exercise Device (ARED) was designed 
by NASA to provide forces that mimic lifting FW in normal gravity (1-g) and will replace iRED 
as the primary resistive exercise countermeasure device on the ISS. ARED incorporates three 
major improvements over iRED: greater maximal loading (275 kg peak load), improved eccen-
tric:concentric ratio (eccentric load is approximately 90% of concentric load), and simulation 
of inertial forces produced during FW exercise. 
 
Before replacing iRED as the primary resistive exercise device on the ISS, the NASA Exercise 
Physiology Laboratory will complete a training study comparing the physiologic adaptations 
during a 16-week resistive exercise training protocol using FW and ARED. The one-repetition 
maximum (1-RM), which is defined as the maximum amount of weight that a person can lift one 
time, will be measured before, during, and after training. Healthy, untrained subjects are commonly 
recruited to participate in physiologic investigations to obtain a homogenous sample population 
that is responsive to resistive exercise training stimuli (Baechle and Earle, 2002). A high-magnitude 
training response may be helpful when trying to characterize or evaluate the effects of a particular 
training program or increase the likelihood of detecting changes to training using particular exercise 
hardware. However, there are disadvantages to using untrained subjects in a strength training 
study, including their inherent unfamiliarity with proper lifting technique and discomfort while 
performing maximal efforts. To obtain a reliable measure of strength using the fewest number 
of testing sessions and minimize potentially confounding factors, subjects must be familiarized 
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with proper technique and strongly encouraged to exert themselves maximally. Pre-training 
strength tests that are too frequent or are greater in number than required may induce training 
effects that the investigator intends to measure and, thus, decrease the likelihood of detecting 
changes. Unpublished data from our laboratory suggest that, in untrained subjects, three 1-RM 
sessions are required to obtain a reproducible 1-RM using FW (James Loehr, personal 
communication), but no comparable data are available for ARED. 
 
The primary purpose of this study was to quantify the number of testing sessions that are 
required to obtain a reliable 1-RM measurement using ARED in untrained subjects who have 
similar characteristics to those who will participate in the subsequent training study. The sec-
ondary objective of this project was to determine whether there are systematic differences 
between 1-RM strength measures using FW and ARED. 
 
 
METHODS 
Subjects 
Six males (180.8 ± 4.3 cm, 83.6 ± 6.4 kg, 36 ± 8 y, mean ± SD) volunteered to participate 
in this project. Subjects were required to have abstained from any resistive exercise training in 
the previous 6 months and to pass a modified Air Force Class III physical examination. Subjects 
received written and verbal explanations of the testing protocols and provided written informed 
consent. The test protocols and procedures were reviewed and approved by the NASA Johnson 
Space Center Committee for the Protection of Human Subjects. 
 
Subjects performed four 1-RM testing sessions each for FW and ARED (eight total testing 
sessions) using a balanced, randomized, cross-over design. During each session, 1-RM was 
measured for three exercises: squat, heel raise, and deadlift; the order of exercises performed 
was held constant across sessions. Subjects completed all four sessions on one device before 
proceeding to testing on the other. Each session was separated by 5 to 10 days. 
 
Equipment 
FW squat was conducted using a standard Olympic barbell and plates and a York Barbell half 
rack (York, Penn.). FW heel raise was performed on a Smith machine (Bigger Faster Stronger 
Model 300052, Salt Lake City, Utah). FW deadlift was performed using a standard Olympic 
barbell and plates. All ARED squat, heel raise, and deadlift were performed using ARED. 
 
The primary resistive mechanism in ARED (Figure 1) is a pair of vacuum cylinders, each 
containing a large piston. Resistance is provided by the movement of the pistons within the 
vacuum of the cylinders. The piston rods are attached to the arm base assembly, which acts as a 
lever arm when the bar is moved. Load is increased or decreased by the load adjustment handle, 
which pivots the arm base assembly, either lengthening or shortening the resistance arm. In addi-
tion, flywheels mounted below the vacuum cylinders are rotated as the bar and arm base assembly 
move, providing an inertial resistance that the user must overcome when accelerating or deceler-
ating the bar during exercise. These were added to mimic the inertial forces experienced during 
exercise using FW. 



 

  4

 

Figure 1. Schematic of ARED. 

 

Procedures 
Subjects were instructed in proper lifting technique and were spotted at all times by three qual-
ified trainers. The testing protocol included warm-up sets for each exercise and progressed in a 
defined manner to incrementally higher loads until the subject could not successfully complete 
the lift in the defined range of motion or used poor lifting technique. Subjects were permitted 
two successive failures at a given load before testing was terminated. The 1-RM value was deter-
mined as the highest load that was successfully lifted. No previous 1-RM values existed for these 
subjects prior to the first testing session. Therefore, during the first session, conservative loads and 
increments for successive attempts were used in a progression similar to that used in subsequent 
testing sessions (Table 1). Load and repetition progressions for sessions 2 through 4 were based 
upon a percentage of the 1-RM that was measured in the previous testing session (Table 1). Load 
increments above a subject’s previous 1-RM were selected by the test operators based on their 
perception of the difficulty that the subject experienced in completing the previous set. For all 
exercises, subjects were instructed to complete a single repetition by lowering the weight for 
approximately 2 seconds and raising it as quickly as they wished. 
 

Vacuum Cylinder Assemblies

Arm Base Assembly 

Main Arm Assembly

 

Exercise Platform 

 

  

Flywheel Assemblies  
(in red) 

Bar (positioned for deadlift)

Load Adjustment Handle 
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Table 1. 1-RM Testing Protocol 

Set No. Reps % of previous 1-RM (load) 
1 8 50% 
2 8 60% 
3 5 70% 
4 3 80% 
5 1 90% 
6 1 100% 
7 1 100+% 
8 1 100+% 

 
 
Squat Exercise. During the first session with each device, squat depth was determined as the 
vertical distance the bar traveled from the standing position to a stance at which the femur was 
parallel to the floor. The target depth for the squat was held constant across all subsequent testing 
sessions within and across exercise devices and was measured by a linear encoder (Ergotest Tech-
nology, Langesund, Norway) that was attached to the bar and interfaced with a laptop computer 
(Compaq Armada E500, Houston) using a customized LabView software program (National 
Instruments, Austin, Texas). When subjects reached the required depth, they received a 
computer-generated audio cue to reverse direction of movement and attempt to raise the 
load to the starting, or standing, position (Figure 2). 
 
 

   

Figure 2. Squat start/finish and mid-position using ARED. 
 
 
Heel Raise Exercise. The forefeet were positioned on a wooden toeboard (8.5 cm high × 9 cm 
wide × 59 cm long) to allow for ankle dorsiflexion. To begin each set, two spotters assisted the 
subjects in raising the bar so that they began each set with maximum ankle plantarflexion (Figure 
3). Subjects then dorsiflexed their ankles while keeping their knees and hips straight until their 
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heels touched the ground. Upon ground contact, subjects immediately extended their ankles to 
maximum plantarflexion. During the first session, the bar height at peak plantarflexion for each 
subject was determined to the nearest full centimeter using a linear encoder that was attached to 
the bar. A successful lift was confirmed with the linear encoder as the computer generated an 
audio cue when the subject attained peak plantarflexion. Peak plantarflexion bar height was held 
constant between exercise devices. 
 
 

    

Figure 3. Heel raise start/finish and mid-position using ARED. 
 
 
Deadlift Exercise. A successful deadlift was defined as raising the bar from its lowermost, 
resting position to the subject’s upper thigh, with the hips and knees fully extended and the 
scapulae retracted (Figure 4). Subjects were also required to maintain a flat or slightly arched 
back throughout the lift. Subjects used an alternating grip with the hands positioned outside the 
legs. Test operators judged whether or not a subject had successfully completed a given 
repetition using correct technique. ARED deadlift was conducted with the starting point as the 
lowest possible bar setting. To replicate the ARED bar height and ensure an identical starting 
position on both devices, two dense foam pads were placed beneath the FW plates, elevating the 
bar 2 cm. 
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Figure 4. Deadlift start/finish and mid-position using ARED. 
 
 
Statistical analyses 
One-way repeated measures analysis of variance (ANOVA) and Holm-Sidak post-hoc tests 
were used to detect differences between sessions within devices. Data are expressed as mean ± 
SE. Statistical significance was defined a priori as p ≤ 0.05. Generalizability (G) and intraclass 
correlation coefficients (ICC) were calculated for each exercise by device and were used to deter-
mine the number of sessions needed to obtain a reliable 1-RM measurement; G-coefficients ≥ 0.90 
were considered representative of reliable 1-RM values (Shavelson and Webb, 1991). If a G-
coefficient ≥ 0.90 was not attained in four sessions, the number of sessions needed to reach that 
level was calculated. Interclass reliability coefficients and Pearson’s correlation coefficients (R) 
also were calculated for the highest 1-RM value (1-RMpeak) obtained for each exercise on each 
device to quantify 1-RM relationships between devices. Generalizability, reliability, and corre-
lation were considered excellent if ≥ 0.95, high if ≥ 0.90, good if ≥ 0.80, fair if ≥ 0.70, poor if 
≤ 0.70, and very poor if ≤ 0.40. 
 
 
RESULTS 
There were no significant differences in 1-RM between sessions within each device for squat 
(Figure 5). Similarly, no significant differences between sessions were seen for FW heel raise, but 
ARED heel raise 1-RM values for Sessions 2 through 4 were significantly greater than the first 
session (Figure 5). All FW deadlift sessions were significantly different from each other. For 
ARED deadlift, 1-RM values for Sessions 2 through 4 were significantly greater than those 
in Session 1, and Session 4 was significantly greater than Session 2 (Figure 5). 
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Figure 5. Within device differences in mean (± SE) 1-RM between sessions for squat, heel raise, and 
deadlift. + all within device pairwise comparisons significantly different (p < 0.05), * significantly different 
from Session 1 (p < 0.05), § significantly different from Session 2 (p < 0.05).
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Generalizability coefficients for all four sessions were high for FW squat, good for ARED 
squat, and high for both FW and ARED heel raise (Table 2). G-coefficients for deadlift were in 
the excellent range for both devices. Similarly, intraclass correlation for FW squat was high and 
ARED squat was considered good. ICCs were excellent for heel raise and deadlift for both 
devices. 
 
 
Table 2. G-coefficients and Intraclass Correlation Coefficients for FW and ARED 

 FW ARED 
 G-

coefficient 
for 3 

sessions 

G-
coefficient 

for 4 
sessions 

No. of 
sessions 

needed to
attain G ≥

0.90 

 
ICC 
(3,1) 

G-coefficient
for 3 

sessions 

G-
coefficient 

for 4 
sessions 

No. of 
sessions 

needed to
attain G ≥

0.90 

 
ICC 
(3,1) 

Squat 0.91 0.94 3 0.92 0.86 0.89 5 0.83 
Heel 
Raise 0.89 0.94 3 0.95 0.90 0.94 3 0.99 

Deadlift 0.99 0.99 1 0.99 0.97 0.98 1 0.99 
 
 
Pearson’s correlation coefficients for 1-RMpeak values between devices was poor for squat and 
extremely poor for heel raise and deadlift; interclass reliability was fair for squat, poor for heel 
raise, and extremely poor for deadlift (Table 3). 
 
 
Table 3. Pearson’s Correlation Coefficients and Interclass Reliability 
of 1-RMpeak for Squat, Heel Raise, and Deadlift on FW and ARED 

 R ICC 
(FW vs. ARED) 

Squat 0.56 0.71 
Heel Raise 0.33 0.50 

Deadlift 0.17 0.29 
 
 
DISCUSSION 
The purpose of this investigation was to determine: (1) how many sessions are needed to obtain 
a reproducible 1-RM measurement in untrained subjects using FW and ARED and (2) whether 
1-RM measurements obtained on either FW or ARED can be used as 1-RM values on the other 
device. 
 
We found that three 1-RM sessions using ARED provide reliable 1-RM values for heel raise 
and deadlift. However, five 1-RM sessions are needed for squat using ARED. FW required three, 
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three, and one session(s) to obtain reliable 1-RM measures for squat, heel raise, and deadlift, 
respectively. 
 
In untrained subjects, there was only fair to extremely poor reliability of 1-RM values that were 
obtained using the two devices for the exercises tested in this study. It is unlikely that either FW 
or ARED 1-RM values can be used to accurately predict 1-RM measures on the other device. 
 
Reproducibility of 1-RM measures 
Previous studies have shown that untrained subjects require multiple sessions to obtain 
reproducible 1-RM values, and that age, sex, exercise, and type of device also may influence 
the number of sessions required. For example, Ploutz-Snyder and Giamis (2001) determined that 
untrained young adult females needed 2 to 5 sessions (mean of 3.6) to obtain a reproducible 1-RM 
when performing seated bilateral knee extensions. Similarly, Phillips et al. (2004) reported relia-
ble 1-RM measurements for machine bench press and leg press using untrained seniors following 
three familiarization sessions and 2 to 3 actual 1-RM sessions. In contrast, Schroeder et al. (2007) 
found no more than a 2.3 % change between the first two 1-RM sessions using untrained elderly 
males performing chest press, latissimus pull-down, leg press, and leg flexion. Although using 
untrained subjects, these studies all employed exercise machines that might require less famil-
iarization than FW or ARED due to their restricted movement planes, which require less 
neuromuscular coordination (McCaw, 1994). 
 
In addition to the subject population, a major difference between the aforementioned studies 
and the present investigation is the exercise device that was used. ARED is an exercise machine, 
but it does not restrict bar motion to a single trajectory. Unlike FW exercise in which 6 degrees 
of freedom (vertical, fore-aft, and horizontal translation, and roll, pitch, and yaw rotation) are 
possible for the bar, the ARED bar only allows vertical and horizontal translation as a rotation 
about a pivot point. Because bar motion is more fixed on ARED than FW, decreased neuromuscu-
lar coordination may be required to perform a successful lift using ARED. Because control of the 
body and external resistance is a critical task when performing a lift, lifting on ARED may therefore 
be different than lifting on FW, resulting in a decreased number of sessions required to obtain a 
reproducible 1-RM value. Examination of the G-coefficients for heel raise and deadlift suggests 
that for these two exercises, the learning curve is actually similar for ARED and FW; however, 
for the squat exercise, subjects needed more sessions to obtain a reproducible 1-RM value 
when using ARED than when using FW. 
 
The squat exercise required five sessions to obtain a reproducible value using ARED as 
opposed to the other two exercises, which required three or fewer sessions. This is perhaps due 
to differences in the complexity of the squat mechanics, which made it a more difficult movement 
to learn. During the descent, subjects reported a loss of balance on ARED because of a rearward 
force due to the limitation in bar range of motion. However, adjusting foot position, increasing trunk 
flexion, and performing multiple sessions reduced this perception in individual subjects. When 
squatting on FW, some subjects reported a similar sensation, which was also resolved using the 
above-mentioned techniques. It was clear, however, that subjects required more sessions to success-
fully implement these corrective steps when using ARED than when using FW. Also, when squat-
ting on ARED, at the bottom of the lift subjects often stated that they felt like they were being 
“folded over.” Although spotters took special care to coach subjects to prevent this, this sensation 
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was most likely due to an apparent increase in trunk flexion. It is unclear, however, whether 
the peculiarities associated with ARED squat technique will persist in microgravity. 
 
While the results of this study may guide the number of sessions needed for untrained subjects 
in future studies, it is possible that fewer sessions will be required to obtain a reliable measure of 
strength in trained subjects, such as astronauts preparing for space flight who have previous experi-
ence with the testing hardware. For example, Doan et al. (2002) reported no significant differences 
between three 1-RM bench press measures in trained male subjects. In another study using trained 
males, Rhea et al. (2002) reported a high interclass correlation (R = 0.99) between the second and 
the third of three 1-RM sessions for bench press and leg press. Subjects did however, complete six 
“instruction/training sessions” prior to the three 1-RM tests (Rhea et al, 2002). In the present 
study, instruction was incorporated into the actual 1-RM sessions, which makes comparison with 
the data of Rhea et al. difficult. We suspect that astronauts preparing for space flight who have 
previous experience with ARED will not require as many sessions as an untrained subject, but 
this has yet to be tested. 
 
Relationship between FW and ARED 1-RM 
Although the relationship between squat 1-RM which was measured using the two devices was 
moderate across sessions, eliciting a correlation coefficient of 0.71 (fair), this was not true for the 
other exercises despite the fact that they required fewer sessions to obtain reproducible values. The 
interclass correlation coefficient for heel raise was much lower (ICC (3,1) = 0.50). This poor 
reliability is likely due to inherent differences in the mechanics that were provided by FW and 
ARED when performing these exercises. FW heel raise was conducted on a Smith machine, 
which has only 1 degree of freedom and provides more stability to the test subject compared to 
using a traditional barbell. Greater stability not only provides increased subject safety, but it also 
allows greater maximal force production (Anderson and Behm, 2004). Training loads are based 
on 1-RM values; thus, their determination under conditions of increased stability ultimately pro-
vides a greater training stimulus due to the higher 1-RM values that are consequently elicited. 
During heel raise on ARED, movement is restricted in the frontal plane, but subjects still had to 
balance themselves to prevent from falling forward or backward (2 degrees of freedom). This 
contrasts with the stability that was provided in both the frontal and the sagittal planes when 
performing heel raises on a Smith machine. Thus, ARED 1-RM values may have been 
affected by the lifters’ reduced stability. 
 
Deadlift had the lowest interclass reliability coefficient (0.29). One possible explanation for 
this is an inherent difference in the mechanics of FW and ARED deadlift. During FW deadlift, 
the bar travels in a vertical direction (Escamilla et al., 2000) due to the gravitational force on the 
mass. In contrast, ARED has a pivot point where the bar attaches to the main arm assembly, pro-
viding a variety of possible resultant force vectors. Due to ARED’s construction, subjects were 
able to lean backwards during the deadlift without concern for losing their balance. The resultant 
friction of the subjects’ shoes created a braking force that provided added stability and enabled 
subjects to generate greater forces. Although operators watched for this and instructed subjects 
not to lean back, the differences in 1-RM values between FW and ARED suggest that some 
subjects still employed this or some alternate technique. Future research to characterize 
biomenchanical and kinematic differences between FW and ARED lifting is needed. 
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Conclusions 
The intraclass correlation for a given exercise on a particular device (either FW or ARED) 
ranged from good to excellent. G-coefficients of ≥ 0.90, which was our indice of reproducible 
1-RM values, were obtained using FW after three sessions for squat and heel raise and one session 
for deadlift. In comparison, subjects required five, three, and one session(s) to attain a G-coefficient 
≥ 0.90 for the same three exercises on ARED, respectively. Thus, ARED squat was the only exer-
cise that fell outside of our previously established laboratory standard of three pre-training 1-RM 
sessions for untrained subjects. To effectively prescribe exercise or establish baseline values for 
untrained subjects, three 1-RM sessions using ARED are needed to provide reliable 1-RM values 
for heel raise and deadlift. However, five 1-RM sessions are needed to obtain reliable 1-RM val-
ues for squat using ARED. Crew members and other trained subjects may need fewer sessions 
to obtain reliable 1-RM values because of their previous familiarity with the exercises, but this 
remains to be tested. 
 
We also sought to determine whether a relationship existed between 1-RM values that were 
measured using FW and using ARED. In untrained subjects, there was only fair to extremely 
poor reliability of 1-RM values that were obtained using the two devices for the exercises tested 
in this study. Crew members will perform resistive exercise using ARED on the ISS; their in-flight 
strength training programs will be based on 1-RM values. These values either must be measured 
directly by completing a 1-RM test using ARED or predicted from FW 1-RM values. Based on 
the poor correlation coefficients, it is unlikely that either FW or ARED 1-RM values can be used 
to accurately predict 1-RM measures on the other device. Thus, crew members will be best served 
with considerable familiarization, training, and testing time using ARED prior to flight. 
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