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Abstract

Background The effectiveness of strength training with free-weight vs. machine equipment is heavily debated.
Thus, the purpose of this meta-analysis was to summarize the data on the effect of free-weight versus machine-based
strength training on maximal strength, jump height and hypertrophy.

Methods The review was conducted in accordance with the preferred reporting items for systematic reviews

and meta-analyses (PRISMA) guidelines, and the systematic search of literature was conducted up to January 1, 2023.
Studies that directly compared free-weight vs. machine-based strength training for a minimum of 6 weeks in adults
(18-60 yrs.) were included.

Results Thirteen studies (outcomes: maximal strength [n=12], jump performance [n=5], muscle hypertrophy
[n=5]) with a total sample of 1016 participants (789 men, 219 women) were included. Strength in free-weight tests
increased significantly more with free-weight training than with machines (SMD:-0.210, CI: -0.391, -0.029, p=0.023),
while strength in machine-based tests tended to increase more with machine training than with free-weights (SMD:
0.291, CI:-0.017, 0.600, p=0.064). However, no differences were found between modalities in direct comparison
(free-weight strength vs. machine strength) for dynamic strength (SMD: 0.084, Cl:-0.106, 0.273, p=0.387), isometric
strength (SMD:-0.079, Cl: -0.432, 0.273, p=0.660), countermovement jump (SMD: -0.209, Cl: -0.597,0.179, p=0.290)
and hypertrophy (SMD: -0.055, CI:-0.397, 0.287, p=0.751).

Conclusion No differences were detected in the direct comparison of strength, jump performance and mus-
cle hypertrophy. Current body of evidence indicates that strength changes are specific to the training modality,
and the choice between free-weights and machines are down to individual preferences and goals.

Key point

If your goal is to maximize strength adaptations, the choice between free-weight and machines should be based
on individual preference. The principle of specificity applies, which states that you should choose the exercise you
want to be stronger in. This is important for athletes who are tested in specific exercises.
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For muscle hypertrophy one should consider individual preference when choosing between modalities. We speculate
that the combination could result in more complete hypertrophy.

Keywords Resistance training, Equipment, Exercise, Stability, Modalities, Force production, Muscle size

Background

It is well established that manipulation of resistance
training variables such as volume, intensity, frequency,
load, exercise selection, exercise order and rest intervals
can influence strength and hypertrophic adaptations [1].
However, the stability requirement from different exer-
cise modalities have received less attention. The choice
between free-weights and machines are heavily debated
by coaches, athletes, and recreational lifters. The debate
is whether one should perform resistance exercises with
free-weights, which demands more stability and higher
stability requirements, or machines with lower stability
requirements which require less stabilization, to maxi-
mize long-term strength and hypertrophy [2, 3]. Alter-
natively, the adaptations are simply governed by the
principle of specificity with strength, power and hyper-
trophy gains specific to the exercises performed, but
equal effect size if strength and power is measured neu-
tral tests and hypertrophy across all total muscle mass
used [4, 5]. Free-weights often refer to exercises with
dumbbells and barbells, whereas machines can be defined
as a device that contains a pin-loaded weight stack. In
most circumstances “machine-based strength training”
refers to exercises that are performed with a fixed plane
of motion, thus guiding the resistance through a specific
path, which reduces the requirement from synergistic
muscles [6]. On the other hand, free free-weight exercises
will normally let you dictate the plane of motion more
flexibly and thus induces more variation in lever arms [6,
7].

American College of Sports Medicine argue that
machines may be safer to use than free-weights based on
skill requirements [1]. This is further supported by Kerr
[8] who reported a higher injury rate with free-weights,
but most of the injuries were related to weights falling
on people, and not the execution of the modality [8].
However, Fisher [9] and ACSM [1] mainly refer to injury
risk in cross-sectional studies, and only a few longitu-
dinal experimental studies, making it questionable if a
causal relationship exists between modalities/stability
and injury risk. Summed up, it is uncertain if there are
different injury risks between free-weight and machine-
based strength training. It could be speculated if the most
important considerations in the incorporation of free-
weight exercises versus machines is the experience of the
person who trains, familiarity with specific exercises, and
the primary goal with the training (i.e., powerlifters and

Olympic weightlifters must train with free-weights due to
the nature of the sport, but bodybuilders and recreational
can choose either or both) [1].

Free-weight exercises demand greater coordination
between muscles to execute the exercises properly due to
higher instability of the movement [7, 10], and the move-
ments are often more similar to daily life activities than
machine-based exercises. Therefore, free-weight exer-
cises are often suggested to be more “functional” than
machine-based exercises [1] with a better transfer to
improvements in daily physical function [11]. Moreover,
there is believed often suggested that free-weights have a
higher transferability of strength due to the performance
requirements on unstable conditions [12]. The greater
coordination demand with free-weight exercises, such
as squat and bench press can result in a higher myoelec-
tric activity in synergist muscles than machine equivalent
exercises [6, 13]. This is further supported by Schwan-
beck [14], who observed higher myoelectrical activa-
tion in the synergist muscles in the lower limbs when
performing barbell back squats compared to smitch
machine squats. The increased myoelectrical activity in
the synergists could potentially result in more muscle
growth across several involved muscles, and thus lead to
more total growth. However, the relationship between
acute myoelectrical activity and long-term musculoskel-
etal hypertrophy is uncertain [15, 16], and the higher
myoelectrical activity may also be due to greater stability
demands.

There has been observed a higher maximum load lifted
with machine-based exercises compared to free-weights
within a similar exercise or movement. For example,
some researchers have shown that more loads can be
lifted with a Smith machine squat compared to a free-
weight squat [14, 17]. This could be affected by stability
and/or bar path. A possible explanation is that it seems
that the muscles prioritize stability over force produc-
tion in the direction of the desired exercise movement
[18, 19]. Hence, higher stability requirements negatively
affect strength performance. The higher load in the
machine-based exercise could possibly affect strength
gains beneficially after a period of training through load
dependant mechanisms such as mechanical tension and
neural adaptations [20], However, it will likely not lead
to more muscle growth as varying load ranges seems to
affect hypertrophy similarly if training is performed close
to failure [21, 22].
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To provide greater understanding of the differences
between free-weights and machine-based strength train-
ing, Heidel and colleagues performed a meta-analysis in
which they pooled studies comparing the two modali-
ties [5]. They found that free-weights increased strength
the most when they tested free-weights and machines
increased the strength the most when tested in machines.
Whilst no difference was observed for neutral strength,
power, and muscle hypertrophy. However, only three
studies assessing hypertrophy was available. Since then,
two additional studies measuring hypertrophy have been
published [23, 24]. Moreover, additional studies had been
published for strength and jump performance. Thus,
an updated meta-analysis would have more statistical
power. Furthermore, as mentioned by ACSM [1], Lav-
allee & Balam [25] and Fisher [9], training experience
could influence the outcome but is yet to be explored. In
addition, comparing the effect size of strength changes
in the modality each group trained, such as free-weight
training and changes in free-weight strength vs. machine
training and changes in machine strength has not been
conducted. Therefore, in this review we will provide an
updated meta-analysis on the influence of free-weights
and machine-based strength training on maximal
strength, jump performance and hypertrophy, including
sub analyses on training experience and separate upper-
body and lower-body strength analysis.

Methods

This review followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses guidelines [26].
The review protocol was preregistered in PROSPERO
(CRD42021270740).

Literature search

The literature search was performed in the databases
MEDLINE and Embase via Ovid and SPORTDiscus
via EBSCOhost. Last search date was set to 1% Janu-
ary 2023. Searches were carried out using a combina-
tion of keywords and MeSH terms (described in detail in
the appendix), with the following keywords and associ-
ated synonyms: (“resistance/strength exercise/training”)
and (“free weight*” and machine*) and (strength, power,
jump, CM]J, force, fat free mass, lean mass, hypertrophy
or “muscle size/thickness”).Secondary searches were per-
formed for: (a) screening reference lists of the included
studies; (b) forward and backwards citations; and (c)
search through the authors private library. ET.V per-
formed the searched and exported it to Rayyan (https://
www.rayyan.ai/). M.H and S.L performed the study selec-
tion blinded for each other. Any disagreement was solved
with a discussion with ET.V and T.B. Titles and abstracts
of the initially identified studies were first screened based
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on predefined inclusion criteria. A full-text review was
performed if a decision based on title/abstract was not
possible. The included full texts were reviewed by M. H
and discussed with S.L and ET.V. Any disagreement was
resolved with discussion until a consensus was reached.

Inclusion criteria

Articles were considered eligible for this systematic
review and meta-analysis if they met the following cri-
teria: (a) experimental design; (b) published in a peer-
reviewed, English-language journal; (c) comparing
free-weights and machines; (d) had a minimum dura-
tion of 6 weeks; (e) only included adults (18 — 60 years
old) free from chronic disease or injury; and (f) included
at least one method of estimating changes in muscle
mass and/or measured maximal strength and/or jump
height or power. Other forms of customized machines/
equipment such as haptic-based, pneumatic- or variable
resistance, and freemotion/cable machines without a
fixed-path resistance, were excluded.

Data extraction

The following data were extracted from the included
studies and tabulated on a predefined Microsoft excel
coding sheet (Version 16.42): first authors name and year
of publication, duration (weeks), participants, gender,
training status, exercises trained for the free-weight and
machine group, an overview of the training programme
and hypertrophy, maximal strength, and countermove-
ment jump height outcomes (pre-post means + standard
deviations). During data extraction we noticed that the
data in Saeterbakken [27] and Saeterbakken [28] were
similar. We contacted the lead author who confirmed it
so only the data from the 2016 study was used to avoid
double counting. When necessary, the corresponding
author of the study was contacted to request required
information.

Classification of training status

To classify participants as “experienced resistance
trained’; we used free-weight strength data from San-
tos Junior [29] where the threshold was set from their
advanced training status estimate. For men to be classi-
fied as “trained’; the free-weight group had to lift>100%
of their body mass in bench press,>120% of their body
mass in barbell back squat and >150% of their body mass
in the deadlift. For women to be classified as “trained’,
their strength had to be>60% of their body mass in
bench press,>100% of their body mass in the barbell
back squat and >120% of their body mass in the deadlift
[29]. The mean body mass of the free-weight group and
the pre-test strength data were used.


https://www.rayyan.ai/
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Methodological quality

The 12-point TESTEX scale [30] was employed to assess
the methodological quality of the studies. TESTEX scale
is divided into two categories. 5 points for study qual-
ity and 10 points for reporting [30]. It consists of twelve
questions, but items 6 and 8 have three and two ques-
tions, respectively. The maximum number of points is
15. Based on the summary scores, we classified studies;
poor quality (<6 points), fair quality (6—8 points), good
quality (9-11 points), or excellent quality (12—15 points)
[31]. If the studies fulfilled the criteria they received one
point per question, and if not a score of 0 was given. It
had to be stated clearly in the article if the criteria were
fulfilled or not. In case of uncertainty, no points were
awarded [30]. Two authors (M.H. and S.L) carried out the
quality assessment. They rated the studies independently,
blinded for each other’s ratings to reduce possibility for
selection biases. After the first rating, the scores were
sent to a third author (FT.V.) who recoded the scores
and forwarded them to another author (A.S.H) that was
blinded of which co-author had rated the study quality.
A.S.H performed Kappa-analysis and percent agreement
of the ratings (Table 1). For the studies from Saeterbak-
ken [27] and Augustsson [32], there were a few minor
disagreements on the Testex quality assessment of items
1,4 and 6. To reach 100% consensus on the quality assess-
ment, disagreements were solved through discussion
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between the two raters. The final rating scores are listed
in Table 1. Items with Kappa<1.00 or<100% agreement
were finally discussed to reach 100% agreement on the
TESTEX quality scale (Table 2).

Statistical analysis

The meta-analyses of the between-group comparison
of free-weight versus machine training groups were the
primary analyses. Studies were pooled using the inverse
variance method with 95% confidence intervals (CI). For-
est plots were generated with random effects modeling to
present test statistics as standardized mean differences
(SMD) from the continuous values expressed as Hedges'g
to adjust for possible small sample bias [41]. Hedgesg
SMD and 95% CI were calculated using Comprehensive
Meta-Analysis (version 3.3; Biostat Inc., Englewood, NJ)
based on sample size, means and pooled pre- and post-
SDs for the within-group analyses and pooled post SDs
for the between-group analyses. Variation of the true
effect size was presented with 95% prediction intervals
(PI), calculated based on SMD, upper CI, tau-squared and
number of studies. Hedges’s SMD and 95% CI were cal-
culated using Comprehensive Meta-Analysis (version 3.3;
Biostat Inc., Englewood, NJ) based on sample size, means
and pooled pre- and post-SDs for the within-group analy-
ses and pooled post SDs for the between-group analyses.
Variation of the true effect size was presented with 95%

Table 1 Assessment of inter-rater reliability and agreement between raters' blinded judgement of included studies (n=13) using the

Testex screening tool

Measurements of agreement

Kappa SE P-value Percentage

1 Eligibility criteria included 0.70¢ 0.18 0.005 86

2 Randomization method stated 1.00¢ 0.00 <0.001 100
3 Allocation concealment 1.00¢ 0.00 <0.001 100
4 Groups similar at baseline NA - - 92

5 Assessor blinded Constant - - 100
6a Study withdrawals < 15% 1.00¢ 0.00 <0.001 100
6b Adverse events reported 1.00¢ 0.00 <0.001 100
6C Session attendance reported 0634 0.33 0.011 92

7 Intention-to-treat analysis Constant - - 100
8a Between-group primary analysis Constant - - 100
8b Between-group secondary analysis Constant - - 100
9 Point measures for all outcomes Constant - - 100
10 Activity monitoring controls Constant - - 100
11 Relative exercise intensity adjusted Constant - - 100
12 Exercise energy expenditure information Constant - - 100

reported
Total scores of intra-rater agreement 0.784 0.14 <0.001 85

Abbreviations Testex Tool for the assEssment of Study qualiTy and reporting in Exercise, SEStandard Error, NA Not applicable due to constant values preventing Kappa
analysis, Constant 100% agreement on rating, preventing Kappa analysis. Subscript letters denote level of agreement with Kappa analysis: a= <0.20: poor, b=1[0.20,
0.40): fair, c=[0.40, 0.60): moderate, d =[0.60, 0.80): good, and e =[0.80, 1.00]: very good [33]
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prediction intervals (PI), calculated based on SMD, upper
CI, tau-squared and number of studies.

In addition, given that the analyses require pre-post
correlation coefficients (r), we used the open dataset in
one of the included studies Saeterbakken [4] and applied
the calculated r in all analyses. Notably, maximal dynamic
strength; r=0.84, isometric strength; r=0.79, coun-
termovement jump; r=0.87 and hypertrophy; r=0.92.
However, since the r was obtained only from one study,
we also performed sensitivity analyses to determine if the
results were robust with lower and more conservative
correlation coefficients (r=0.5 and 0.7) [42].

Maximal dynamic strength was compared in two
strength-specific analyses: free-weight strength changes
in both training groups and machine strength changes in
both training groups. Since several of the included stud-
ies compared dynamic strength in more than one pair of
exercises, we chose to compare the exercises that most
studies compared: squat as a free-weight exercise (lunges
in one study) with the machine equivalent multi-joint
exercise (leg press, hack squat or smith machine squat).
Other lower-body exercise comparisons were excluded
in the strength-specific analyses equivalent exercise (leg
press, hack squat, smith machine squat or one study
with knee extensions). Other lower-body exercise com-
parisons were excluded [23, 32, 34]. Similarly, given most
studies tested chest exercises, other upper-body exercises
were excluded [23]. Thus, bench press as a free-weight
upper-body exercise was compared with a machine
equivalent exercise (Smith machine bench press, lying
chest press or seated chest press). If a study had both
lower- and upper-body comparison exercises, the two
exercises were pooled into one SMD estimate (average
and pooled standard deviation) to prevent unit-of-anal-
ysis-error [23, 38]. The lying chest press exercises were
also included instead of the seated chest exercises in the
two studies by Lennon [35] and Mayhew [36] to match
regular lying free-weight bench press. However, seated
chest press was included from the study by Langford [12]
since no lying machine alternative was available. Addi-
tionally, the underweight- and the obese participants in
Mayhew [36] were pooled into one SMD estimate within
the free-weight and machine group comparisons, how-
ever this study was not included in the machine strength
analysis since the free-weight group did not test strength
in machines [36]. Whilst the study by Prieto-Gonzalez
and Sedlacek [24] was excluded from the strength analy-
ses given they tested only strength in free-weight exer-
cises that none of the groups trained.

The isometric strength analysis measured lower-body
isometric strength as newton, whilst the countermove-
ment jump analysis included changes in jump height
(cm). Fry [34] did not report the isometric strength
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values, hence we read of the graphs using a web-based
tool to extract numerical data from graph images
whereby two endpoints on both the X and Y axis were
chosen before entering the identical reference values
from the figures, followed by manually selecting the
mean and SD with the software (https://apps.automeris.
io/wpd/). The summed isometric strength value of both
legs was used in the study by Wirth [40]. Additionally,
the most stable isometric and countermovement jump
test conditions in Saeterbakken [4] was chosen for both
groups over the unstable test conditions to be more com-
parable to the other studies. Since few studies assessed
changes in muscle size, we included all measurement
methods in the analysis assessing hypertrophy (whole-
body fat-free mass, kg [Air Displacement Plethysmo-
graph, BodPod], muscle thickness, mm [ultrasound],
limb or chest circumferences, cm and estimation of fat
and thereby fat-free mass from skinfold measurements,
kg. The average muscle-rested-circumference measure-
ment values for the upper arm, thigh and chest were used
as the SMD for hypertrophy from Aerenhouts & D’hondt
[23]. In addition, the two ultrasound measurements of
biceps and quadriceps by Schwanbeck et al. were pooled
into one SMD estimate.

Furthermore, to directly compare strength changes in
the exercises that each group trained (free-weights or
machines) we conducted an additional analysis (a direct
effect size comparison). In other words, the effect size of
strength changes in free-weight tests for the free-weight
training groups were compared with the effect size of
strength changes in machine tests for the machine-based
training groups. Notably, the scale of free-weight exer-
cises is not directly comparable to the scale of machine-
based exercises; thus, a straightforward comparison of
the pre-post changes would not be appropriate in the
same SMD calculation. For example, squat strength could
increase by 35 kg (pooled pre-post SD: 35) whilst leg
press strength by 66 kg, (pooled pre-post SD: 61), both
equating to a similar pre-post effect size of~0.8, but a
between group ES would be 0.5 in favour of machines
[37]. Thus, the SMDs from the pre-post within group
analysis was used as a standardized value and a subse-
quent single SMD estimate “synthetic effect-size” was
calculated where SMDs machine were subtracted with
SMDs free-weight and the variance from the two initial
pre-post analysis were merged [43]. Meta-analysis was
then performed on the synthetic effect-size. Equally, sub
analyses were performed for the dynamic strength upper-
body exercises, lower body exercises and training status
with the same direct-strength-comparison approach.
Significant levels for the differences between training
status (strength-trained vs. untrained) and lower- vs.
upper body were tested with the Q-test for heterogeneity
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between sub-analysis. In addition, a within group meta-
analyses were conducted to test whether the free-weight-
and machine training groups significantly increased from
baseline in maximal dynamic- and isometric strength,
countermovement jump height and muscle hypertrophy.
Sensitivity analyses were carried out to check if any
individual study had a large impact on the results by
removing one study at a time from the analyses. Assess-
ment of heterogeneity and variance were checked
(Cochran’s Q test, I? and T?) in addition to publication
bias by Egger’s regression test, Duval and Tweedie’s
trim and fill method and visual inspection of the funnel
plots for asymmetry by plotting standard errors against
Hedges’ g values. An alpha level of p <0.05 was set as
the criterion for statistical significance with the fol-
lowing SMD classifications of magnitude: small (<0.2),
medium (0.2-0.5), large (0.5-0.8), and very large (>0.8)

(2023) 15:103

Page 9 of 20

[44]. Results are reported as mean+95% Cls and the
software Comprehensive Meta-Analysis (version
3.3; Biostat Inc., Englewood, NJ) was used to run the
statistics.

Results

A total of 704 studies were evaluated based on the initial
results of the search and reduced to 429 after duplicates
were removed. Following the title and abstract screening,
30 studies were reviewed in full text. Subsequently, 13
studies that fulfilled the inclusion criteria were included
[4, 12, 23, 24, 27, 32, 34—40]. Furthermore, the reference
list of all included studies was checked for potential stud-
ies missing from the initial search, but no additional stud-
ies were observed. The search process is shown in Fig. 1.

[ Identification of studies via databases and registers J
)
3
:g Records identified from EechJ‘rdst remov:d before sdc:)eenmg;
SportDicus (n = 318), uplicate records removed by
(3} —> -
= Medline and Embase (n = 465) software (n = 179)
= Total (n =783) Duplicate records removed by
@ authors (n = 121)
8
—
M
v
Records screened Records excluded based on title
—>
(@) (n =483) and abstract (n = 452)
=
c
$
5 :
(T) A
»n Records assessed for eligibility Records excluded (n = 18)
(n=31) —>| Wrong study design (n = 5)
Wrong outcome (n = 5)
Wrong study duration (n = 3)
Wrong population (n = 2)
Wrong language (n = 1)
Data already used (n = 1)
— Poor methodological quality (n= 1)
\4
T N . _—
(7} Studies included in qualitative
'g (systematic review) and
o quantitative (meta-analysis)
c syntheses (n = 13)

Fig. 1 Flow chart of the PRISMA process showing the number of records collected, number of articles screened, number of articles excluded

with reason, and the final number of articles included in the analysis
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Characteristics of the included studies

Six of the studies involved trained [4, 12, 27, 32, 37, 40]
and seven involved untrained participants [23, 24, 34—
36, 38, 39]. None of the studies examined competitive
athletes. The total numbers of participants in the stud-
ies were n=1016, with 789 men and 219 women with
an average sample size of 72.6+111.7 (range 19-429).
Two studies included both men and women [32, 38] and
two studies included only women. The average duration
of the studies was 8.9+ 1.9 weeks (range 6-12), and the
training frequency was from two to four sessions per
week. Common exercises in the free-weight groups were
barbell exercises such as the back squat and bench press,
whereas leg press, chest press and various Smith machine
exercises were often used in the machine groups. Par-
ticipant’s characteristics along with other details form
the included studies are listed in Table 2. Six studies
assessed muscle hypertrophy [4, 23, 24, 36—38], whereby
two measured muscle size by ultrasound [4, 38], two used
body composition estimates from bod pod [37, 38], two
used skinfolds to estimate body composition [24, 36],
and one used circumferences [23]. The muscular strength
assessment was obtained through strength tests with the
following methods: 1 RM [23, 24, 35-37, 39, 40], 3 RM
[12], 6 RM [27, 28] 6—-10 RM [38], and 10 RM [4].

Quality assessment

Table 3 presents the results of the quality assessment. The
average score was 8.6. Five studies were rated as fair qual-
ity [12, 24, 34, 35, 40]. Eight studies were rated as good
[4, 23, 27, 32, 36, 37, 39]. None of the studies was rated
as having poor or excellent methodological quality. The
raters average mean sum scores on the studies (n=13)
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were 7.36 (SD=1.15) and 7.64 (SD=1.15), respectively.
The intraclass correlation (two-way-mixed effect, abso-
lute agreement) for the two raters was 0.85, with 95%
Confidence Interval: 0.54 to 0.95, with p=0.001.

For the studies from Saeterbakken [27] and Augustsson
[32], there were a few minor disagreements on the Tes-
tex quality assessment of items 1, 4 and 6. To reach 100%
consensus on the quality assessment, disagreements were
solved through discussion between the two raters. The
final rating scores are listed in Table 3.

The effect of free-weight versus machine-based training on
maximal dynamic strength

The meta-analyses on changes in maximal strength in
free-weight exercise tests observed a significant greater
increase in the free-weight training group than in the
machine training group (SMD: -0.210, CI: -0.391, -0.029,
PI: -0.484, 0.064, p=0.023) (Fig. 2A), with no difference
between trained and untrained (SMD: -0.356 and -0.185,
respectively (SMD: -0.356 and -0.185, respectively,
p=0.574). Maximal strength in machine-based strength
tests tended to increase more in the machine group
than the free-weight group (SMD: 0.291, CI: -0.017,
0.600, PI: -0.147, 0.729, p=0.064) (Fig. 2B), with no dif-
ference between trained vs. untrained ((SMD: 0.385 and
0.129, respectively) SMD: 0.385 and 0.129, respectively,
p=0.427). The results were consistent across sensitivity
analyses (with r=0.5 and 0.7). However, removal of Len-
non [35] from the free-weight exercise test analysis would
have adjusted the point estimate from significant to non-
significant (SMD: -0.207 [CI: -0.490, 0.077], p=0.153),
and removal of each of the two studies by Saeterbakken
et al. [4, 28] from the machine test analysis adjusted the

Table 3 Quality assessment using the TESTEX checklist. 1 =criteria met; 0=criteria not met

1 2 3 4 5 6a

6b 6c 7 8a 8b 9 10 11 12  Total score

(max 15 p)

Aerenhouts & D’hondt 2020 [23]
Augustsson et al., 1998 [32]

Fry etal., 1992 [34]

Langford et al., 2007 [12]
Lennon et.,al 2010 [35]

Mayhew et.,al 2010 [36]
Prieto-Gonzalez &Sedlack 2021 [24]
Rossi et al.,2018 [37]
Saeterbakken et al.,2019 [4]
Saeterbakken et al.,2016 [27]
Schwanbeck et al.,2020 [38]
Schwarz et al., 2019 [39]

Wirth et al., 2016 [40]
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Study name Training & test exercises Statistics for each study Hedges's g and 95% Cl
Hedges's  Lower  Upper Relative
] limit limit p-Value weight
Aerenhouts & D'hondt 2020 Squat & dumbbell bench press vs. leg press & seated chest press 0098 0675 0871 0.804 15.80
Langord et al. 2007 Bench press vs. seated chest press 0300 -0416 1015 0412 ] 1855
Rossi et al. 2018 Squat vs. leg press 0027 0877 0931 0953 11.62
Saeterbakken et al. 2016 Dumbbell bench press vs. smith bench press 0747 0040 1533 0083 ! 15.35
Saeterbakken et al. 2019 Squat vs. smith squat 0438 0347 1224 0274 = 15.40
Schwanbeck et al. 2020 Squat & bench press vs. leg press & smith bench press 0.151 -0.489 0.790 0.644 — .— 23.20
Overall 0291 0017 0600 0064 <<l
-1.00 0.00 1.00
Favours free-weights Favours machines
aximal dynamic free-weight strength
Study name Training & test exercises Statistics for each study Hedges's g and 95% CI
Hedges's  Lower  Upper Relative
9 limit ~ limit  p-Value weight
Aerenhouts & D'hondt 2020 Squat & dumbbell bench press vs. leg press & seated chest press 0112 -0661 0885 0777 _ . 533
Langord et al. 2007 Bench press vs. seated chest press 0054 0766 0657 0881 —_— 627
Lennon et al. 2010 Bench press vs. lying chest press 0224 -0452 0003 0054 —J 49.43
Mayhew et al. 2010 Bench press vs. lying chest press 20096 0511 0319 0650 — 17.51
Rossi et al. 2018 Squat vs. leg press 0695 -1620 0239  0.145 368
Saeterbakken et al. 2016 Dumbbell bench press vs. smith bench press 41019 1828 -0209 0014 P — 487
Saeterbakken et al. 2019 Squat vs. smith squat 0234 0544 1012 0555 527
Schwanbeck et al. 2020 Squat & bench press vs. leg press & smith bench press 0289 0931 0353 0378 —_— 7.65
Overall 0210 0391 0020 0023 =
-2.00 1.00 0.00 1.00

Favours free-weights Favours machines

Fig. 2 Forest-plot which shows the effect size changes when both groups tested machines (A), and when both groups tested free-weights (B)

point estimate from a tendency to non-significant values
(SMD: 0.209-0.265 [CI: -0.126-0.6], p=0.122-0.222).

The meta-analyses on strength found maximal strength
in free-weight exercise tests to increase significantly
more in the free-weight group than in the machine
group (SMD: -0.217, CI: -0.382, -0.053, PI: -0.415, -0.019,
p=0.010), with no difference between trained and
untrained (p=0.490). Maximal strength in machine-
based strength tests tended to increase more in the
machine group than the free-weight group (SMD: 0.243,
CI: -0.046, 0.531, PI: -0.134, 0.621, p =0.099), with no dif-
ference between trained vs. untrained (p=0.578). The
results were consistent across sensitivity analyses (with
r=0.5 and 0.7), however, removal of Lennon [35] from
the free-weight exercise test analysis would have adjusted
the point estimate from significant to a trend (SMD:
-0.220 [CI: -0.477, 0.038], p =0.094).

The effect of free-weight training on free-weight strength
versus machine-based training on machine-based strength
(direct-strength-comparison-analysis)

In the direct-strength-comparison-analysis (machine
group tested machine-based strength versus free-weight
group tested in free-weight strength), no significant dif-
ferences were observed between the free-weight groups
versus the machine groups (machine ES—free-weight

ES: 0.084 (CI: -0.106, 0.273, PI: -0.481, 0.649, p=0.387))
(Fig. 3A). The results were similar with correlation
coefficients of 0.7, whereas a trend was observed with
correlation of 0.5 with greater strength increase in
machine-based training (SMD 0.202, CI: -0.034, 0.438,
p=0.094). Furthermore, the sensitivity analysis found
that removal of Augustsson [32] adjusted the results to
significantly favour strength changes in the machine
group (SMD: 0.187 [CI: 0.041, 0.334], p=0.012). Train-
ing status did not influence the results (p=0.483),
strength-trained ES: 0.0005 (CI: -0.330, 0.331, p=0.998)
and untrained ES: 0.150 (CIL: -0.105, 0.405, p=0.249)
(Fig. 3D). The direct-strength-sub-analyses revealed no
differences between upper- vs. lower-body (p=0.104);
upper-body strength increased more in the machine
group compared to the free-weight group (SMD: 0.245,
CI: 0.083, 0.406, p=0.003) (Fig. 3B), but no group-differ-
ences were observed in the lower-body strength analysis
(SMD: -0.052, CI: -0.370, 0.267, p=0.750) (Fig. 3C). The
one-study removal sensitivity analyses did not change the
results.

The effect of free-weight- versus machine-based training
on isometric strength

No significant difference was observed between the
free-weight vs. machine group in isometric strength
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A Maximal dynamic strength
Study name Training & test exercises Statistics for each study Hedges's g and 95% ClI
Hedges's  Lower  Upper Relative
g limit limit p-Value weight
Aerenhouts & D'hondt 2020 Squat & dumbbell press vs. leg- & chest press 0.031 -0.449 0.511 0.899 8.15
Augustsson et al. 1998 Squat vs. knee extension 0710 1192  -0.228 0.004 —_1 8.12
Fry etal. 1992 Squat vs. leg press 1319  -0.020 2658 0.054 2 1.80
Langord et al. 2007 Bench press vs. chest press 0213 -0213 0.639 0.327 917
Lennon et al. 2010 Bench press vs. seated & lying chest press 0.137  -0.001 0.275 0.051 15.63
Mayhew et al. 2010 Bench press vs. seated & lying chest press 0463 0190 0736 0.001 —— 12.60
Rossi et al. 2018 Squat vs. leg press -0.048 -0.621 0.525 0.870 6.67
Saeterbakken et al. 2016 Dumbbell bench press vs. smith bench -0.183 -0.914 0.548 0.624 483
Saeterbakken et al. 2019 Squat vs. smith squat 0.305 -0.277 0.887 0.304 6.55
Schwanbeck et al. 2020 Squat & bench press vs. smith- squat & bench 0.018  -0.408 0444 0.934 9.16
Schwarz et al. 2019 Squat vs. hack squat -0.605 -1.323 0.113 0.099 — 495
Wirth et al. 2016 Squat vs. leg press 0.293 0.011 0.575 0.042 12.38
Overall 0.084  -0.106 0.273 0.387
-2.00 -1.00 0.00 1.00 2.00
Favours free-weights Favours machines
B Upper-body maximal dynamic strength
Study name Training & test exercises Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper Relative
g limit limit  p-Value weight
Aerenhouts & D'hondt 2020 Dumbbell bench press vs. chest press 0.156 -0405 0.717 0.586 7.28
Langford et al. 2007 Bench press vs. chest press 0.213 -0.213 0639 0.327 L 11.64
Lennon et al. 2010 Bench press vs. lying chest press 0.137 -0.001 0275 0.051 - 42.29
Mayhew et al. 2010 Bench press vs. lying chest press 0463 0.190 0.736  0.001 —q— 22.26
Saeterbakken et al. 2016  Dumbbell press vs. smith bench press -0.183 -0914 0.548 0.624 4.52
Schwanbeck et al. 2020 Bench press vs. smith bench press 0463 0.046 0.880 0.030 12.01
Overall 0245 0083 0406 0.003 e
-1.00 -0.50 0.00 0.50 1.00
Favours free-weights Favours machines
C Lower-body maximal dynamic strength
Study name Training & test for each study Hedges's g and 95% CI
Hedges's Lower  Upper Relative
g limit limit p-Value weight
Aerenhouts & D'hondt 2020 Squat vs. leg press -0.101  -0.584 0.382 0.682 + 14.06
Augustsson et al. 1998 Squat vs. knee extension -0.710 -1.192  -0.228 0.004 ——.— 14.09
Fry et al. 1992 Squat vs. leg press 1.319  -0.020 2658 0.054 L 4.45
Rossi et al. 2018 Squat vs. leg press -0.048 -0.621 0.525 0.870 1243
Saeterbakken et al. 2019 Squat vs. smith squat 0.305 -0.277 0.887 0.304 12.27
Schwanbeck et al. 2020 Squat vs. smith squat -0.129  -0.577 0.319 0.573 14.72
Schwarz et al. 2019 Squat vs. hack squat -0.605 -1.323 0.113 0.099 g 10.10
Wirth et al. 2016 Squat vs. leg press 0293 0011 0575  0.042 —— 17.87
Overall -0.052 -0.370 0.267 0.750 ’
-2.00 -1.00 0.00 1.00 2.00
D Maximal dynamic strength: trained vs. untrained
Group by Study name Training & test exercises Training status Statistics for each study Hedges's g and 95% CI
Comparson Hedges's Lower Upper tiste
g limit ~ limit p-Value weight
Trained Augustsson et al. 1998 Squat vs. knee extension Trained -0.710 -1.192 -0.228 0.004 —— 17.22
Langord et al. 2007 Bench press vs. chest press Trained 0213 -0.213 0639 0327 1872
Rossi et al. 2018 Squat vs. leg press Trained -0.048 0621 0525 0.870 14.96
Saeterbakken etal. 2016 Dumbbell bench press vs. smith bench Trained -0.183 0914 0548 0624 1.67
Saeterbakken etal. 2019 Squatvs. smith squat Trained 0305 0277 0.887 0.304 1475
Wirth et al. 2016 Squat vs. leg press Trained 0203 0011 0575 0042 2267
Overall 0000 0330 0331 0.998
Untrained Aerenhouts & D'hondt 2020  Squat & dumbbell bench press vs. leg- & chest press Untrained 0031 -0.449 0511 0899 + 1534
Fry etal. 1992 Squat vs. leg press Untrained 1319 -0.020 2658 0.054 327
Lennon et al. 2010 Bench press vs. lying chest press. Untrained 0.137 -0.001 0275 0051 3061
Mayhew et al. 2010 Bench press vs. lying chest press Untrained 0463 0.190 0736 0.001 - 2428
Schwanbeck et al. 2020 Squat & bench press vs. smith- squat & bench Untrained 0018 -0.408 0.444 0934 17.33
Schwarz etal. 2019 Squat vs. hack squat Untrained 0605 -1.323 0.113  0.099 — 917
Overall 0150 -0.105 0.405 0.249

-1.00 0.00 1.00

Favours free-weights Favours machines

200

Fig. 3 Forest-plot that shows the effect of free-weight training on changes in free-weight strength, versus machine-based training on the changes
in machine-based strength (direct-strength-comparison-analysis), in maximal dynamic strength (A), maximal dynamic strength in the upper-body
(B), maximal dynamic strength in the lower-body (C), and the influence of training status (D) This is the effect of free-weight training on free-weight

strength versus machine-based training on machine-based strength (direct-strength-comparison-analysis)
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(SMD: -0.079 [CL -0.432, 0.273, PL: -2.365, 2.207,
p=0.660) (Fig. 4B) and the sensitivity analyses did not
influence the results.

The effect of free-weight- versus machine-based training
on countermovement jump height

No significant difference was observed between the
free-weight vs. machine group in countermovement
jump performance (SMD: -0.209 [CI: -0.597, 0.179, PI:
-1.208, 0.790, p=0.290) (Fig. 4A) and the results were
robust across different correlation coefficients. How-
ever, removal of the study by Schwarz [39] from the
analysis adjusted the point estimate from a non-signif-
icant effect to significantly favor the free-weight group
(SMD: -0.364, [CL: -0.686, -0.042, p=0.027).

A
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The effect of free-weight- versus machine-based training
on hypertrophy

The meta-analysis revealed no significant differences in
hypertrophy between the free-weight vs. the machine
group with a SMD of -0.055 (CI: -0.397, 0.287, PI: -0.611,
0.500, p=0.751) (Figs. 3 and 4C). Sensitivity analysis and
correlation coefficients did not influence the result.

Heterogeneity and risk of bias for the between groups
analyses

Cochran’s Q test for heterogeneity found no signifi-
cant between-study variance: maximal dynamic free-
weight strength: Q=7.49, ? & T?=0.00 p=0.49;
maximal dynamic machine strength: Q=291, I* &
T>=0.00 p=0.82; maximal dynamic strength analy-
sis: Q=27.7, ’=60.28 & T?=0.06, p=0.39; isometric
strength analysis: Q=0.08, I? & T?=0.00, p=0.96; iso-
metric strength analysis: Q=0.08, I* & T?=0.00, p =0.66;
countermovement jump analysis: Q=5.7, ?=30.25,

Countermovement jump height

Study name Training & test exercises Statistics for each study Hedges's g and 95% ClI
Hedges's Lower  Upper Relative
g limit limit p-Value weight
Prieto-Gonzalez & Sedlacek 2021 Lunges vs. leg press -0.507 -1.325 0.311 0.225 3 16.78
Rossi et al. 2018 Squat vs. leg press -0.274 -1.183 0.634 0.554 L 14.29
Saeterbakken et al. 2019 Squat vs. smith squat 0.236  -0.542 1.014 0.552 y 3 18.06
Schwarz et al. 2019 Squat vs. hack squat 0.435 -0.456 1.327 0.338 . 3 14.72
Wirth et al. 2016 Squat vs. leg press 0.531 -0.965 -0.09  0.017 —| 36.15
Overall -0.209 -0.597 0179  0.290 .
-1.50 -0.75 0.00 0.75 1.50
Favours free-weights Favours machines
B Isometric strength
Study name Training exercises & MVC test Statistics for each study Hedges's g and 95% ClI
Hedges's Lower  Upper Relative
9 limit limit p-Value weight
Fry et al. 1992 Squat vs. leg press, 90° knee ext. -0.160  -1.221 0.902 0.768 L | 11.04
Saeterbakken et al. 2019  Squat vs. smith squat, 90° squat 0.011 -0.764 0.786 0.978 20.69
Wirth et al. 2016 Squat vs. leg press, 120° knee ext. -0.093 -0.520 0.333 0.668 68.27
Overall -0.079  -0.432 0.273 0.660
-1.50 -0.75 0.00 0.75 1.50
C Hypertrophy
Study name Tmmxfm exercises Measurement Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper Relative
9 limit  limit  p-Value weight
Aerenhouts & D'hondt 2020 Full-body exercises Circumferences (arm, thigh & chest) 0069 -0.704 0842 0.861 ! . 19.60
Prieto-Gonzalez & Sedlacek 2021 Lunges & d. press vs. leg- & chest press. Skinfold (6 sites) <0081 -0886 0723 0843 . 18.09
Rossi et al. 2018 Squat vs. leg press Bodpod 0040 0944 0864 0932 q 14.32
Saeterbakken et al. 2019 Squat vs. smith squat Ultrasound (quads) 0251 -1.030 0527 0527 - 19.31
Schwanbeck et al. 2020 Full-body exercises Ultrasound (quads & biceps) 0.000 -0639 0639 1.000 2868
Qoo 0055 0397 0287 0751
1.00 0.50 0.00 0.50 1.00

Favours free-weights

Favours machines

Fig. 4 Forest-plot which shows the effect size changes in countermovement jump (A), isometric strength (B), and hypertrophy (C)
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T?>=0.06, p=0.29 and hypertrophy analysis: Q=0.38,
I> & T?=0.00, p=0.98. However, heterogeneity was sig-
nificant in the direct-strength-comparison-analysis:
Q=27.68, 12=60.25 & T?>=0.05, p=0.004. Visual inspec-
tion indicated three studies outside the publication bias
plot in the direct-strength-comparison-analysis (two to
the left and one to the right of the plot) but none in the
other analyses. Moreover, the Duval and Tweedie’s trim
and fill analysis method observed one missing study to
the right of the funnel plot in the maximal dynamic free-
weight strength analysis, but it did not significantly influ-
ence the results. Additionally, one study to the left of the
plot was missing in the countermovement jump analysis,
which also did not significantly impact the results. Fur-
thermore, Eggers’s test for funnel plot asymmetry did not
indicate potential publication bias in any of the analyses
(p=0.22-0.81).

Pre- post within group changes in maximal dynamic-

and isometric strength, countermovement jump

and hypertrophy (direct effect size comparison)

Maximal dynamic free-weight strength increased from
pre to post test in the free-weights group with an SMD of
0.922 (95% CI: 0.713, 1.131, PI: 0.169, 1.675, p < 0.0001),
whereas the machines group increased strength in the
machine exercises with an SMD of 0.970 (CI: 0.738, 1.202,
PI: 0.124, 1.815, p < 0.0001), shown in fig. 5A. Isomet-
ric strength increased from pre to post test in the free-
weight group (SMD: 0.270, CI: 0.110, 0.431, PI: -0.769,
1.310, p = 0.001), and in the machine group (SMD: 0.198,
CI: 0.036, 0.361, PIL: -0.863, 1.260, p = 0.017), shown in
fig. 5D. Countermovement jump height increased from
pre to post training in the free-weight group (SMD:
0.496, CIL: 0.067, 0.925, PI: -1.140, 2.132, p = 0.024), and
in the machine group (SMD: 0.273, CI: 0.082, 0.465, PI:
-0.354, 0.901, p = 0.005), presented in fig. 5C. Similarly,
hypertrophy increased from pre to post test in the free-
weight group (SMD: 0.251, CI: 0.121, 0.381, PI: -0.129,
0.631, p < 0.0001) and in the machine group (SMD: 0.206,
CI: 0.015, 0.398, PI: -0.473, 0.886, p = 0.035), presented in
fig. 5B.

Discussion

The purpose of the present study was to systematically
review and summarize the data on the effect of free-
weight vs. machine-based strength training on maximal
strength, hypertrophy and countermovement jump per-
formance. Our main findings were that when both groups
tested maximal strength with free-weights, free-weight
training increased strength more, and a tendency was
observed towards a larger increase in maximal strength
in machines with machine-based strength training. How-
ever, when effect sizes from each respective training
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and test modality were compared (free-weight strength
change effect size after free-weight training, versus
machine strength change effect size after machine-based
training), there was no difference between free-weight
and machine-based strength training for increases max-
imal dynamic strength (ES free-weight group: 0.922,
ES machine group: 0.970), isometric strength (ES free-
weight group: 0.0.270, ES machine group: 0.198), hyper-
trophy (ES free-weight group: 0.251, ES machine group:
0.206) and countermovement jump performance (ES
free-weight group: 0.496, ES machine group: 0.273). The
sub-analysis of the direct effect size comparison revealed
a significant difference between training modalities
towards larger increases with machine-based training for
upper-body strength, but no difference for lower-body
strength. Further analysis revealed that both modali-
ties lead to a significant pre-post increase in maximal
strength, countermovement jump heigh, isometric
strength and hypertrophy. For training status, we found
no difference between modalities for neither free-weights
nor machines.

Maximal strength

The free-weight group increased strength more when
both groups were tested in free-weight exercises, and the
machine group tended to increase strength in machine
exercises more than the free-weight group. This follows
the “specific adaptations to imposed demands” (SAID)
principle [45]. A possible explanation to why the specific
strength analyses only revealed a statistically significant
difference when both groups tested strength with free-
weight exercises could be the complexity of the exercises.
Free-weights involve more degrees of freedom com-
pared to machines [46], therefore the transfer from free-
weights to machine can be classified as a transition from
the most complex task to the least complex task, which
could potentially be an easier transfer compared to the
other way around. However, sensitivity analysis revealed
that the removal of Augustsson [32] resulted in an advan-
tage for machine-based strength training in the direct
effect size comparison. This could imply that less degrees
of freedom could yield the best results, but a study by
Rutherford & Jones found the largest relative increase
in leg extension for the group who had the most degrees
of freedom [47]. A possible explanation for this could
be the learning effect, thus studies with longer dura-
tion or familiarization could answer this more clearly.
The specificity of the strength adaptations suggests that
recreational athletes who only want to get stronger can
base their choice on personal preference as free-weights
and machines resulted in the same relatively increase in
strength. However, athletes in sports like powerlifting,
weightlifting and other sports with a specific exercise
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requirement should prioritize those exercises in their
training.

We did not observe any differences in maximal
strength changes between free-weight and machine-
based strength training when assessed with exercises
like their respective training interventions. But sensi-
tivity analysis revealed that removal of the Augustsson
et al. [32] adjusted the results in favour of machine-based
strength training. The machine group in that study saw
a small progression (2.2%) compared both to the free-
weight (30.8%), but also compared to the machine group
in other studies (15.8—-42.2%). The small changes in
strength after machine-based training in Augustsson
et al. [32] can possibly be explained by the equipment
used. They trained with isoinertial exercises but were the
only study that measured strength in an isokinetic knee
extensor machine and who used single-joint movement
in the machine-based group. The isokinetic knee exten-
sor differs from a normal knee extensor and normal
machines due to a movement with constant speed and
removal of the stretch—shortening cycle. The transfer
from isointertial machine-based training to measure-
ments of maximal strength in isokinetic testing [32], and
the relative short duration of the intervention (6 weeks)
[32], could have hampered effect size of machine-based
strength changes in Augustsson et al. [32]. In contrast,
the differences between modalities could also be due to
different requirements for stability. In line with increased
demands for stability, the brain starts to focus more on
stability at the expense of force production [18, 48].

The direct-strength-sub-analyses revealed a differ-
ence between free-weights and machine-based strength
training for upper-body in favour of machines, whilst
no differences were detected for the lower body. A pos-
sible explanation for the lack of difference in the lower
body could be the transfer of daily life to the squat exer-
cise. The squats are quite like many of our daily activity
as standing up and sitting down. This echoes the Wood-
worth & Thorndike [49] identical elementers theory
which builds on similarity in proccecing and execution.

We performed a sub-analysis for training status with
the direct-strength data. There was an even split between
trained [4, 12, 27, 32, 37, 40] and untrained athletes [23,
34-36, 38, 39]. We found no difference between modali-
ties in trained or untrained. However, sensitivity-analysis
revealed a difference towards machines in trained par-
ticipants Augustsson [32], and removal of Schwarz [39]
revealed a difference towards machines in untrained par-
ticipants, and only one study [39] leaned towards free-
weights. This indicates that for unexperienced lifters,
machines could potentially induce lager larger strength
changes due to less stability requirements and degrees of
freedom [46]. This could help trainers to focus on force
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production with less requirements for stability. Moreo-
ver, based on the possible higher risk of injury at free-
weights [1, 8, 25], a recommendation to use machines
for unexperienced could be made. Experienced trained
lifters that have more developed techniques could likely
diminish the potential increase difficulty through stabil-
ity and degrees of freedom [46]. Based on this we recom-
mend experienced lifters to choose modality based on
training goal (i.e., specificity) and personal preference.

No differences between free-weight and machine-based
strength training were detected in the three studies with
isometric strength measurements. These results suggest
that transfer of dynamics strength to isometric strength
is similar between free-weight and machine-based
strength training. Changes in countermovement jump
performance did also not differ significantly between
groups, but the results leaned towards the free-weight
group. In support of this, sensitivity analysis revealed that
the removal of Schwarz [39] skewed the results in favour
of free-weight group. Four out of the five studies used the
barbell squat in the free-weight group. It is important to
note that the sample size was small, and one should be
careful with the interpretation and generalisation into
larger scale. The execution of the back squat is more like
the execution of countermovement jumps than leg press,
smith machine squat and hack squat. Hence, these results
could be explained by specificity in the degrees of free-
dom [46], the direction force and the movement pattern.
On the other hand, the leg press is often positioned lying
supinated in 45 degrees. This reduces the hip exten-
sion contribution in the last part [50]. This reduces the
transfer from one movement to another due to similar-
ity in the movement/execution and similarity in cognitive
processing [49]. Thus, athletes and others that needs to
improve CM]J performance can potentially achieve better
results with free-weight training due to the similarity in
execution.

Hypertrophy

Our analysis found no difference between free-weight
and machine-based strength training for hypertro-
phy. Both training groups induced similar hypertrophic
gains during the strength training interventions lasting
nine weeks on average (ES free-weight group: 0.251, ES
machine group: 0.206).

The included studies used varying methods for the
estimation of muscle mass (muscle thickness with
ultrasonography [4], limb and chest circumference
[23], skinfold and bod pod measurements for estima-
tion of body composition and fat-free mass [24], bod
pod [37] and ultrasonography in combination with bod
pod [38]). These methods vary greatly in their ability to
detect changes over time, and the uncertainty around
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circumference and skinfolds for muscle mass estimation
highlights the need for more studies with direct hyper-
trophy measurement. Due to the diversity in the meas-
urements of muscle mass and the sparse number of
included studies, one should be careful with the interpre-
tation of the results.

Based on studies showing more myoelectrical activ-
ity in synergist muscles with free-weight exercises than
machine-based strength training [6, 14, 51], one could
speculate that free-weights could lead to more total
muscle growth due to an increased activation of the
synergists. This meta-analysis could not confirm those
speculations, with equal gains in fat-free mass of the five
studies that included measurement of body composition
(4, 23, 24, 37, 38]. In contrast to the speculations of gains
in total muscle mass, the degree of failure in the main
muscle groups with free-weight exercises could be lim-
ited by failure in smaller synergist muscles and a failure to
conduct the exercises with proper techniques. Therefore,
it could be speculated that machines can train the main
muscle group(s) closer to failure and thus induce more
gains in the main muscles of the exercise. Importantly,
muscle growth seems to be similar even with large varia-
tions in load (>30% of 1RM) if it is performed in proxim-
ity to failure [52]. For example, Mitchell and colleagues
[53] found that 30% and 80% of one-repetition maximum
(I RM) knee extensions elicit similar muscle growth.
Training close enough to failure in the execution of the
exercise is possible with both modalities, but machine-
based strength training could potentially isolate specific
muscle groups more easily than free-weight training. For
example, trunk musculature could potentially limit the
performance in a front squat and in a standing barbell
shoulder press. This could lead to other muscles than the
target muscles (i.e., quadriceps, glutes, and anterior del-
toid) to be the limiting factor.

Machine’s ability to isolate a certain muscle or group
could be desirable for bodybuilder or athletes that aim
to improve muscle size and strength in specific muscle
groups, or specific joint or muscle rehabilitation after
injury. Our results correspond with the previous meta-
analysis by Heidel [5]. The aforementioned meta-analysis
included three studies [4, 37, 38], but we included two
more studies [23, 24]. None of those studies changed
the current perspective on free-weights versus machine-
based strength training on the development of muscle
hypertrophy.

Summed up, total muscle hypertrophy could be equal
but differ in magnitude of regional muscle growth with
free-weight and machine-based exercises. An example
of such responses is the study from Costa [54], which
found same total muscle growth between a group who
performed the same exercises on every workout and a
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group who varied. But the regional growth was differ-
ent. The group who varied exercises experienced a sig-
nificant increase in all sites, i.e., proximal, middle, and
distal sections of the muscle. The group who did not vary
exercises experienced a significant increase in most, but
not all parts of the muscle. That could indicate that dif-
ferent part of the muscles responds to different exercises.
In addition, differing regional hypertrophy have been
observed with free-weights vs. machine-based strength
training [55-58]. Different types of knee extension have
shown different type of muscle growth in the quadriceps.
For example, the barbell back squat does not seem to
induce hypertrophy of the rectus femoris muscle [55-57].
A probable explanation is that the rectus femoris crosses
both the knee- and hip joint, and thus does not contrib-
ute much during simultaneous knee- and hip extension
[59]. In addition, it does not get stretched under ten-
sion, which is considered an important stimulus for
muscle growth [60-62]. In contrast, leg extension seems
to induce robust hypertrophy in the rectus femoris [58,
63]. Probably because the muscle length is not altered
over the hip. A study by Zabaleta-Korta et al. [63] found
favourable muscle growth in all three parts of the rectus
femoris for the leg extension group. On the other hand,
Earp [56] found no significant increase in neither part
of the rectus femoris when participants trained with the
barbell back squat. Moreover, Earp [56] saw a significant
increase in all parts of the vastus lateralis muscle whereas
Zabaleta-Korta [63] did not reach a significant increase
in the vastus lateralis for the leg extension group. Based
on these studies, a difference in local hypertrophy could
occur between free-weight and machines, both due to
the degree of stability in the exercise modality, but also
a variety of factors affecting muscle growth stimuli in
exercise selections such as the specific biomechanics of
the exercise, available ROM and resistance curve. Nev-
ertheless, a direct comparison of regional muscle growth
should be conducted to investigate potential discrepan-
cies in free-weight and machine-based training per se.
Based on the current body of evidence, one could spec-
ulate that the combination of free-weights and machine
would be the optimal choice to maximize total muscle
growth.

Strength

A strength to this meta-analysis is the comprehensive
direct comparison between the modalities. Moreover,
we have included tests where they measure the trained
modalities and when they test neutral or the opposite.
Le strength test where the free-weight group are testing
either free-weight, isometric or machine-based train-
ing. We also calculated the agreement score between
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the authors who ranked the included studies with testex.
Rayyan were used to perform blinded inclusion.

Weaknesses

Still a lack of studies in this area, especially within the
realm of muscle hypertrophy. The measurements used
are different and not always gold standard. It is not
adjusted for other, maybe more important factors such as
range of motion, intensity, volume, and frequency.

Conclusion

The result of this review found no differences in free-
weight or machine-based strength training induced
changes when measured in the same exercise modality as
they are training, nor in a neutral test (isometric strength
test). Furthermore, training status did not seem to influ-
ence strength changes between the two training modali-
ties. When the goal is to maximise muscle hypertrophy
individual preferences should dictate the choice, but we
speculate that a combination could yield the best benefit.
Due to limited number of studies, one should be careful
with the interpretations of the results, especially for mus-
cle hypertrophy.

Practical Implications

The findings in this meta-analysis gives valuable infor-
mation for strength, sport and physique coaches as well
as athletes. There is advantages and disadvantages with
both modalities. This article is another piece to the puz-
zle regarding designing training programs. This paper in
combination with summary on range of motion [60-62],
resting intervals [64, 65], exercise order [31], volume [66],
intensity as proximity to failure [67] and different loading
schemes [22, 68] and frequency [69], could provide great
insight to the literature as a whole. However, one should
always pay attention to the individual respond when con-
sidering the overall evidence. Lastly, the current evidence
is tentative and could change as we gather more studies
and knowledge in the future.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513102-023-00713-4.

[ Additional file 1: Appendix: systematic search strategy. }

Acknowledgements
Not applicable.

Authors’ contributions

Conceptualization and study design: [MEH and RVdT], ...; Acquisition of data:
[MEH, SL and FTV], ...; Formal analysis and investigation: [FTV and ASH] ...;
Writing—original draft preparation: [MEH and FTV]; Writing—review and

(2023) 15:103

Page 18 of 20

editing: [All authors], ...; Supervision: [TB and RVdT],.... All the authors read
and approved the final manuscript.

Funding

No funding received.

The datasets used and/or analysed during the current study available from the
corresponding author on reasonable request.

Availability of data and materials
On reasonable request data can be shared.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that there is no conflict of interest regarding the content
of this article.

Author details

'Department of Sport Sciences and Physical Education, Nord University,
Levanger, Norway. 2Department of Sport Science and Physical Education, Fac-
ulty of Health and Sport Sciences, University of Agder, Kristiansand, Norway.
3Strength and Power consultant at the Norwegian Olympic and Paralympic
Committee and Confederation of Sports, Oslo, Norway. “Norwegian Olympic
and Paralympic Committee and Confederation of Sports, Oslo, Norway.
°Department of Anaesthesia and Intensive Care, Haukeland University Hos-
pital, Bergen, Norway. °Department of Nursing and Health Promotion Acute
and Critical lliness, Faculty of Health Sciences, OsloMet — Oslo Metropolitan
University, Oslo, Norway.

Received: 4 October 2022 Accepted: 2 August 2023
Published online: 15 August 2023

References

1. Ratamess N, Alvar BA, Evetoch TK, Housh TJ, Kibler WB, Kraemer WJ,
et al. American College of Sports Medicine position stand. Progression
models in resistance training for healthy adults. Med Sci Sports Exerc.
2009;41:687-708.

2. Luebbers PE, Fry AC. The Kansas Squat Test Modality Comparison: Free
Weights vs Smith Machine. J Strength Cond Res. 2016;30:2186-93.

3. LyonsTS, McLester JR, Arnett SW, Thoma MJ. Specificity of training
modalities on upper-body one repetition maximum performance:
Free weights vs. Hammer strength equipment. J Strength Cond Res.
2010;24:2984-8.

4. Saeterbakken AH, Olsen A, Behm DG, Bardstu HB, Andersen V. The
short- and long-term effects of resistance training with different stability
requirements. PLoS One. 2019;14:1-18.

5. Heidel KA, Novak ZJ, Dankel SJ. Machines and free weight exercises: a
systematic review and meta-analysis comparing changes in muscle size,
strength, and power. J Sports Med Phys Fitness. 2021. https://doi.org/10.
23736/50022-4707.21.12929-9.

6. van denTillaar R, Larsen S. Kinematic and EMG Comparison Between
Variations of Unilateral Squats Under Different Stabilities. Sports Med Int
Open. 2020;4:E59-66.

7. Haff GG. Roundtable Discussion: Machines Versus Free Weights. Strength
Cond J. 2000;22:18-30.

8. Kerr ZY, Collins CL, Dawn CR. Epidemiology of Weight Training-Related
Injuries Presenting to United States Emergency Departments, 1990 to
2007. Am J Sports Med. 2010;38:765-71.

9. Fisher J, Steele J, Bruce-Low S, Smith D. Evidence-Based Resistance Train-
ing Recommendations. Medicina Sportiva. 2011;15:147-62.


https://doi.org/10.1186/s13102-023-00713-4
https://doi.org/10.1186/s13102-023-00713-4
https://doi.org/10.23736/S0022-4707.21.12929-9
https://doi.org/10.23736/S0022-4707.21.12929-9

Haugen et al. BMC Sports Science, Medicine and Rehabilitation

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Saeterbakken AH, Fimland MS. Muscle force output and electromyo-
graphic activity in squats with various unstable surfaces. J Strength Cond
Res. 2013;27:130-6.

. lversen VM, Norum M, Schoenfeld BJ, Fimland MS. No Time to Lift?

Designing Time-Efficient Training Programs for Strength and Hypertro-
phy: A Narrative Review. Sports Medicine. 2021.

. Langford GA, Mccurdy KW, Ernest JM, Doscher MW, Walters SD. Speci-

ficity of Machine, Barbell, and Water-Filled Log Bench Press Resistance
Training on Measures of Strength. J Strength Cond Res. 2007;21:1061.

. Lander JE, Bates BT, Sawhill JA, Hamill J. A comparison between

free-weight and isokinetic bench pressing. Med Sci Sports Exerc.
1985;17:344-53.

. Schwanbeck S, Chilibeck PD, Binsted G. A comparison of free weight

squat to Smith machine squat using electromyography. J Strength
Cond Res. 2009;23:2588-91.

. Vigotsky AD, Halperin I, Trajano GS, Vieira TM. Longing for a Longitudi-

nal Proxy_ Acutely Measured Surface EMG Amplitude is not a Validated
Predictor of Muscle Hypertrophy. Sports Med. 2022;52:193-9.

. Vigotsky AD, Halperin I, Lehman GJ, Trajano GS, Vieira TM. Interpreting

signal amplitudes in surface electromyography studies in sport and
rehabilitation sciences. Front Physiol. 2018;8:JAN.

. Cotterman ML, Darby LA, Skelly WA. Comparison of muscle force

production using the Smith machine and free weights for bench press
and squat exercises. J Strength Cond Res. 2005;19:169-76.

. Anderson K, Behm DG. Trunk muscle activity increases with unstable

squat movements. Can J Appl Physiol. 2005;30:33-45.

. Behm D, Colado JC. The effectiveness of resistance training using

unstable surfaces and devices for rehabilitation. Int J Sports Phys Ther.
2012;7:226-41.

. Schoenfeld BJ. The mechanisms of muscle hypertrophy and their appli-

cation to resistance training. J Strength Cond Res. 2010;24:2857-72.

. Schoenfeld BJ, Grgic J, Van Every DW, Plotkin DL. Loading Recom-

mendations for Muscle Strength, Hypertrophy, and Local Endurance: A
Re-Examination of the Repetition Continuum. Sports. 2021,9:32.
Schoenfeld BJ, Grgic J, Ogborn D, Krieger JW. Strength and hypertro-
phy adaptations between low- vs. High-load resistance training: A
systematic review and meta-analysis. 2017.

Aerenhouts D, D'Hondt E. Using Machines or Free Weights for Resist-
ance Training in Novice Males? A Randomized Parallel Trial. Int J
Environ Res Public Health. 2020;17:7848.

Prieto Gonzélez P, Sedlacek J. Comparison of the Efficacy of Three Types
of Strength Training: Body, Weight Training Machines and Free Weights.
Apunts Educacion Fisica y Deportes. 2021;9-16.

Lavallee ME, Balam T. An overview of strength training injuries: acute
and chronic. Curr Sports Med Rep. 2010;9:307-13.

Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD,
et al. The PRISMA 2020 statement: An updated guideline for reporting
systematic reviews. The BMJ. 2021;372: n71.

Saeterbakken AH, Andersen V, Behm DG, Krohn-Hansen EK, Smaamo
M, Fimland MS. Resistance-training exercises with different stabil-

ity requirements: time course of task specificity. Eur J Appl Physiol.
2016;116:2247-56.

Saeterbakken AH, Andersen V, van den Tillaar R, Joly F, Stien N, Ped-
ersen H, et al. The effects of ten weeks resistance training on sticking
region in chest-press exercises. PLoS One. 2020;15:e0235555.

Santos Junior ERT, de Salles BF, Dias I, Ribeiro AS, Simao R, Willardson
JM. Classification and Determination Model of Resistance Training
Status. Strength Cond J. 2021;43:77-86.

Smart NA, Waldron M, Ismail H, Giallauria F, Vigorito C, Cornelissen'V,

et al. Validation of a new tool for the assessment of study quality and
reporting in exercise training studies: TESTEX. Int J Evid Based Healthc.
2015;13:9-18.

Nunes JP, Grgic J, Cunha PM, Ribeiro AS, Schoenfeld BJ, de Salles BF,

et al. What influence does resistance exercise order have on muscular
strength gains and muscle hypertrophy? A systematic review and
meta-analysis. Eur J Sport Sci. 2020;0:1-22.

Augustsson J, Esko A, Thomeé R, Svantesson U. Weight training of

the thigh muscles using closed vs. Open kinetic chain exercises: A
comparison of performance enhancement. J Orthop Sports Phys Ther.
1998;27:3-8.

(2023) 15:103

33

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.
47.
48.

49.

50.

51

52.

53.

54.

55.

Page 19 of 20

Landis JR, Koch GG. The measurement of observer agreement for
categorical data. Biometrics. 1977;33:159-74.

Fry AC, Powell DR, Kraemer WJ. Validity of Isokinetic and Isometric Testing
modalities for Assessing Short-term Resistance Exercise Strength Gains. J
Sport Rehabil. 1992;1:275-83.

Lennon E, Mathis E, Ratermann A. Comparison of Strength Changes Fol-
lowing Resistance Training Using Free Weights and Machine Weights. Mo
J Health, Physical Education, Recreation and Dance. 2010;20:29-35.
Mayhew JL, Smith AE, Arabas JL, Roberts BS. Upper-body strength

gains from different modes of resistance training in women who

are underweight and women who are obese. J Strength Cond Res.
2010;24:2779-84.

Rossi FE, Schoenfeld BJ, Ocetnik S, Young J, Vigotsky A, Contreras B, et al.
Strength, body composition, and functional outcomes in the squat
versus leg press exercises. J Sports Med Phys Fitness. 2018;58:263-70.
Schwanbeck S, Cornish SM, Barss T, Chilibeck PD. Effects of Training with
Free Weights Versus Machines on Muscle Mass, Strength, Free Testoster-
one, and Free Cortisol Levels. J Strength Cond Res. 2020;34:1851-9.
Schwarz N, Harper S, Waldhelm A, McKinley-Barnard S, Holden S,
Kovaleski J. A Comparison of Machine versus Free-Weight Squats for the
Enhancement of Lower-Body Power, Speed, and Change-of-Direction
Ability during an Initial Training Phase of Recreationally Active Women.
Sports. 2019;7:215.

Wirth K, Keiner M, Hartmann H, Sander A, Mickel C. Effect of 8 weeks of
free-weight and machine-based strength training on strength and power
performance. J Hum Kinet. 2016;53:201-10.

Borenstein M, Hedges LV, Higgins JPT, Rothstein HR. Introduction to
meta-analysis. Chichester: Wiley; 2009.

Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, et al.
Cochrane Handbook for Systematic Reviews of Interventions. Wiley; 2019.
Cooper H, Hedges LV, Valente JC. The Handbook of research synthesis
and meta-analysis. In: Sage. Second. Russel Sage Foundation; 2019. p.
1884.

Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd Ed.
Routledge; 1988.

Mattocks KT, Buckner SL, Jessee MB, Dankel SJ, Mouser JG, Loenneke JP.
Practicing the Test Produces Strength Equivalent to Higher Volume Train-
ing. 2017.

Bernstein N. The Co-ordination and regulation of movements. Oxford:
Pergamong Press Ltd.; 1967.

Rutherford OM, Jones DA. The role of learning and coordination in
strength training. Eur J Appl Physiol Occup Physiol. 1986;55:100-5.

Behm DG, Anderson KG. The role of instability with resistance training. J
Strength Cond Res. 2006;20:716-22.

Woodworth RS, Thorndike EL. The influence of improvement in one
mental function upon the efficiency of other functions. In: Psychological
issues: Selected papers of Robert S. Woodworth, professor of psychol-
ogy, Columbia University. New York: Columbia University Press; 2011. p.
335-69.

Wilk KE, Escamilla RF, Fleisig GS, Barrentine SW, Andrews JR, Boyd ML. A
comparison of tibiofemoral joint forces and electromyographic activ-

ity during open and closed kinetic chain exercises. Am J Sports Med.
1996;24:518-27.

Lander JE, Bates BT, Sawhill JA, Hmill J. A comparison between
free-weight and isokinetic bench pressing. Med Sci Sports Exerc.
1985;17:344777353.

Morton RW, Oikawa SY, Wavell CG, Mazara N, McGlory C, Quadrilatero J,
et al. Neither load nor systemic hormones determine resistance training-
mediated hypertrophy or strength gains in resistance-trained young
men. J Appl Physiol. 2016;121:129-38.

Mitchell CJ, Churchward-Venne TA, West DWD, Burd NA, Breen L, Baker
SK, et al. Resistance exercise load does not determine training-mediated
hypertrophic gains in young men. J Appl Physiol. 2012;113:71-7.

de Costa BD V, Kassiano W, Nunes JP, Kunevaliki G, Castro-E-Souza P,
Rodacki A, et al. Does Performing Different Resistance Exercises for the
Same Muscle Group Induce Non-Homogeneous Hypertrophy? Int J
Sports Med. 2021;42:803-11.

Kubo K, Ikebukuro T, Yata H. Effects of squat training with different depths
on lower limb muscle volumes. Eur J Appl Physiol. 2019;119:1933-42.



Haugen et al. BMC Sports Science, Medicine and Rehabilitation

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

(2023) 15:103

Earp JE, Newton RU, Cormie P, Blazevich AJ. Inhomogeneous quadriceps
femoris hypertrophy in response to strength and power training. Med Sci
Sports Exerc. 2015;47:2389-97.

Fonseca RM, Roschel H, Tricoli V, de Souza EO, Wilson JM, Laurentino GC,
et al. Changes in Exercises Are More Effective Than in Loading Schemes
to Improve Muscle Strength. J Strength Cond Res. 2014;28:3085-92.

Ema R, Wakahara T, Miyamoto N, Kanehisa H, Kawakami Y. Inhomogene-
ous architectural changes of the quadriceps femoris induced by resist-
ance training. Eur J Appl Physiol. 2013;113:2691-703.

Vigotsky AD, Bryanton MA. Relative muscle contributions to net joint
moments in the barbell back squat. 40th Annual Meeting of the Ameri-
can Society of Biomechan ics. 2016; August:7-9.

Oranchuk DJ, Storey AG, Nelson AR, Cronin JB. Isometric training and
long-term adaptations: Effects of muscle length, intensity, and intent: A
systematic review. Scand J Med Sci Sports. 2019;29:484-503.

Pallarés JG, Herndndez-Belmonte A, Martinez-Cava A, Vetrovsky T, Steffl M,
Courel-Ibdfez J. Effects of range of motion on resistance training adapta-
tions: A systematic review and meta-analysis. Scand J Med Sci Sports.
2021;31:1866-81.

Schoenfeld BJ, Grgic J. Effects of range of motion on muscle develop-
ment during resistance training interventions: A systematic review. SAGE
Open Med. 2020;8:205031212090155.

Zabaleta-Korta A, Ferndndez-Penia E, Torres-Unda J, Garbisu-Hualde

A, Santos-Concejero J. The role of exercise selection in regional

Muscle Hypertrophy: A randomized controlled trial. J Sports Sci.
2021,39:2298-304.

Grgic J, Schoenfeld BJ, Skrepnik M, Davies TB, Mikulic P. Effects of Rest
Interval Duration in Resistance Training on Measures of Muscular
Strength: A Systematic Review. Sports Med. 2018;48:137-51.

Grgic J, Lazinica B, Mikulic P, Krieger JW, Schoenfeld BJ. The effects of short
versus long inter-set rest intervals in resistance training on measures of
muscle hypertrophy: A systematic review. Eur J Sport Sci. 2017;17:983-93.
Schoenfeld BJ, Ogborn D, Krieger JW. Dose-response relation-

ship between weekly resistance training volume and increases in

muscle mass: A systematic review and meta-analysis. J Sports Sci.
2017,35:1073-82.

Grgic J, Schoenfeld BJ, Orazem J, Sabol F. Effects of resistance training
performed to repetition failure or nonfailure on muscular strength and
hypertrophy: A systematic review and meta-analysis. J Sport Health Sci.
2022;11:202-11.

Grgic J. The Effects of Low-Load vs. High-Load Resistance Training on
Muscle Fiber Hypertrophy: A Meta-Analysis. J Hum Kinet. 2020;74:51-8.
Schoenfeld BJ, Ogborn D, Krieger JW. Effects of Resistance Training Fre-
quency on Measures of Muscle Hypertrophy: A Systematic Review and
Meta-Analysis. Sports Med. 2016;46:1689-97.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 20 of 20

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Effect of free-weight vs. machine-based strength training on maximal strength, hypertrophy and jump performance – a systematic review and meta-analysis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Key point 
	Background
	Methods
	Literature search
	Inclusion criteria
	Data extraction
	Classification of training status
	Methodological quality

	Statistical analysis
	Results
	Characteristics of the included studies
	Quality assessment
	The effect of free-weight versus machine-based training on maximal dynamic strength
	The effect of free-weight training on free-weight strength versus machine-based training on machine-based strength (direct-strength-comparison-analysis)
	The effect of free-weight- versus machine-based training on isometric strength
	The effect of free-weight- versus machine-based training on countermovement jump height
	The effect of free-weight- versus machine-based training on hypertrophy
	Heterogeneity and risk of bias for the between groups analyses

	Pre- post within group changes in maximal dynamic- and isometric strength, countermovement jump and hypertrophy (direct effect size comparison)

	Discussion
	Maximal strength
	Hypertrophy

	Strength
	Weaknesses
	Conclusion
	Practical Implications
	Anchor 33
	Acknowledgements
	References


