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Acute effects of long-lasting
stretching and strength training
on maximal strength and
flexibility in the calf muscle

Introduction

Increasing the range of motion (ROM)
through stretch training is applied in
a wide field of sports practice (Angioi,
Metsios, Koutedakis, & Wyon, 2009;
Ávalos-Ramos & Vega-Ramírez, 2020;
Cejudo et al., 2020b), injury prevention
(Backman & Danielson, 2011; Gergley,
2013; Padua et al., 2019), and rehabili-
tation (Kim, Kim, Kim, & Kim, 2018).
However, apart from known increases
in ROM, the literature shows conflict-
ing results regarding the acute effects
on strength capacity which are possibly
linked to difficulties in the quantification
of the stretching stimulus.

Numerous studies suggest no effect,
while others find a negative influence on
maximal strength (MSt) performance
(Chaabene, Behm, Negra, & Granacher,
2019; Marek et al., 2005; Santos et al.,
2020). The differences in results can
possibly be attributed to non-unified
stretching protocols and/or measur-
ing devices as well as differences in
stretch intensity and duration (Kay &
Blazevich, 2012). An acute negative
impact on MSt—described as a stretch-
induced force deficit (Behm, Alizadeh,
Drury,Granacher,&Moran, 2021; Costa,
Herda, Herda, & Cramer, 2014)—were
only reported for stretching duration of
>45 s (Kay & Blazevich, 2012; Simic,
Sarabon, & Markovic, 2013). No neg-
ative influence on MSt was found for
shorter stretching durations. Konrad,

Reimer, Thaller, and Tilp (2019) refer
to different adaptations of the mus-
cle–tendon unit (MTU) depending on
the duration of stretching showing that
shorter stretch durations as well as lower
intensities lead to adaptive responses of
the muscle tissue, while a stretch stimu-
lus of more than 10min also affects the
MTU. Accordingly, Behm & Chaouachi
(2011) andKay&Balzevich (2012) found
a dose–response relationship between
stretching time and the negative adap-
tations in terms of movement speed
and MSt capacity after stretching. Fur-
thermore, Mizuno, Matsumoto, and
Umemura (2014) and Konrad et al.
(2019) found a reduction in MSt after
a 5min stretching intervention, while
1min of stretching resulted in no loss of
MSt.

Assuming a dose–response relation-
ship, the strength deficit would increase
by performing longer stretching du-
rations which in turn would increase
the magnitude of the stimulus; how-
ever, only few studies investigated the
influence of long-lasting stretching inter-
ventions. These studies used stretching
durations between 33min (Fowles, Sale,
& Macdougall, 2000) and 1h (Avela,
Finni, Liikavainio, Niemelä, & Komi,
2004) showing decreases in the max-
imal voluntary contraction (MVC) of
up to 28%. Since Smith et al. (1993)
show that stretching can induce suffi-
cient mechanical tension to elicit micro-
traumatization, it could be hypothesized

that exercise-induced muscle damage
(EIMD) is the underlying factor for the
acute decreases in MSt after stretch-
ing. EIMD is commonly known from
strength training (Schoenfeld, 2012)
which also leads to an acute decrease
in MSt performance (Mackey, Thiele,
Schnaiter-Brasche, Smith, & Conchola,
2020) following a similar dose–response
relationship: Linnamo, Haekkinen, and
Komi (1998) found a strength deficit of
23.7% following strength training with
5 sets of 10 repetitions using 80% of the
one-repetition maximum (1RM) that is
more than twice as high compared to
an 11% strength deficit after strength
training with 5 sets of 10 repetitions
using 40% of 1RM in the leg exten-
sion. Additionally, acuteMSt losses after
leg muscle strength training (leg press,
squat, leg extension) of up to 48% have
been determined (Conchola, Thiele,
Palmer, Smith, & Thompson, 2015).
Accordingly, these studies highlight the
influence of different load components,
especially training volume and intensity,
in strength training for the training-
induced strength deficit.

In both forms of training the inten-
sity is determined by the level of tension,
the mechanical load and the time under
tension (TUT). Based on this, the ques-
tion arises towhat extent the acute effects
of strength training differ from those of
stretch training. To answer this question,
the presentwork compared a long-lasting
stretch training using the highest possi-

148 German Journal of Exercise and Sport Research 2 · 2023

https://doi.org/10.1007/s12662-022-00854-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s12662-022-00854-7&domain=pdf
http://orcid.org/0000-0003-4964-2867


Fig. 18 Illustration of the testing procedure.SST static stretching, STR strength training, CG control group,MStmaximal
strength

ble intensitywith a high-volume strength
training. For this purpose, the acute ef-
fectsonMSt following1hof stretch train-
ing for the plantar flexors were evaluated
and compared to the acute effects of a calf
muscle strength training.

Methods

A total of 71 athletically active partici-
pants were recruited from physical edu-
cationmajors, gyms, andsports clubsand
divided into three groups (static stretch-
ing= SST, strength training= STR, con-
trol= CG). To evaluate and compare the
acute effects on MSt and flexibility fol-
lowing two different methods of induc-
ing high mechanical tension on the mus-
cle (tissue), SST performed a long-last-
ing static stretching and STR executed
a strength training for the plantar flexors.
MSt testing was performed in extended
and bended knee joint. Examination of
flexibility was also performed with ex-
tended and bended knee joint. A pre-
to posttest design was used and the per-
formedprocedure is illustrated in. Fig. 1.

Participants

Participantswere recruited fromphysical
educationmajors, gyms, and sports clubs
and divided into three groups (SST, STR,
andCG).Inall, 71participants(. Table1)
met the inclusion criteria of being injury
free for the last 6 months and training in
a gym for a minimum of twice a week.
Subjects who have an increased risk for
thrombosis or underwent surgery in the
last 6 months were excluded from the

study. Participants were divided into in-
tervention groups (SST, STR) and CG by
using a controlled allocation because not
all participants were poised to join the
long-lasting stretching intervention.

Testing procedure

Isometric strength tests
The testing consisted of two unilateral
isometric MSt tests and two unilateral
flexibility tests for the calf muscles.

The determination of isometric MSt
in the extendedknee jointwasperformed
using a 45° leg press (LP). For this, the
subject positioned one foot on the foot
rest so that themetatarsophalangeal joint
was placed on the edge of the force plate
with a force transducer (model KAC,
AST, Leipzig, Germany) with a mea-
surement range of ±5000N and a 13-bit
analog-to-digital converter and a pull in
frequency of 1000Hz. The leg press sled
with the attached force plate was fixed in
position with industrial grade tensioning
straps so that the subject could perform
amaximal isometric contraction in plan-
tar flexion with the knee joint extended
and the ankle joint at 90°. In response to
an acoustic signal, the subject had to per-
form a maximal plantar flexion against
the force plate and hold it for 1 s. Af-
ter each repetition the subject rested for
1min to avoid fatigue. Repetitions were
performed until the subject did not in-
crease theMSt output in two consecutive
trials; however, a minimum of five trials
was performed.

In addition, the isometric maximum
force in bended knee joint was recorded

for both legs separately with unilateral
MSt measurement in a calf muscle test-
ing device (CMD). For this purpose, the
subject was instructed to perform amax-
imum voluntary plantar flexion and hold
it for 1 s in response to an acoustic signal.
Thepadof themeasuringdevicewasfixed
in positionwith industrial grade tension-
ing straps so that the ankle and knee joint
angleswereat90°. Testingwasperformed
until the achieved force values stopped
increasing, with a minimum of five tri-
als. Themaximum force was determined
in each case using a 10× 10cm force
plate in which force sensors (Kistler El-
ement 9251A, Kistler Instrument Corp.,
Amherst, NY, USA) with a resolution
of 1.25N, a pull-in frequency of 500Hz
and a measurement range of ±5000N
were installed. The vertical forces (Fz)
were recorded. In addition, a charge
amplifier (Type 5009 Charge Amplifier,
Kistler Instrument Corp.) and a 13-bit
AD converter (NI6009, National Instru-
ments Corp., Austin, TX, USA) were
used. For the data acquisition the self-
developed program (WKM) was used
which calculated the vertical forces, dis-
played them graphically and then fol-
lowed up with further parameterization.
The reliability can be classified as high
with ICC values of 0.982 and 0.971.

ROMmeasurement
ROM in the upper ankle joint was
recorded in all three groups via the knee
to wall stretch (KtW) with a sliding de-
vice. The subject was instructed to place
the foot on the attached marker. The
contralateral legwas held in the air, while
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the bodyweight was stabilized by placing
the hands on a doorframe. To record the
ROM, the subject pushed the board of
the sliding device forward until the heel
of the standing leg lifted off while one
investigator pulled on a sheet of paper
placed under the subject’s heel. As soon
as this could be pulled out from under
the heel, the measurement was stopped.
The flexibility score was read off in cen-
timeters from the attached measuring
tape. Three valid trials were performed
per leg and the maximum value was
used for evaluation. The reliability of the
measurement can be considered high
with an ICC of 0.987 (right leg) and
0.992 (left leg).

Additionally, the ROM in the direc-
tion of dorsiflexion was recorded via the
angle measuring device of the orthosis
(ORT). For this purpose, the foot of the
subject was fixed into a maximally dorsi-
flexedpositionwith theaidof theorthosis
and the achieved angle was read off. The
angle measurement was performed with
a measurement accuracy of 2.5°.

Intervention

The procedure of the intervention was
designed to achieve highmechanical ten-
sion in the muscles via either a stretching
intervention or a strength training inter-
vention—the latter typically being used
to achieve muscular hypertrophy.

SST performed a 1h stretching inter-
vention using a stretching orthosis for
the calf muscles. For this purpose, the
stretching orthosis was applied to the
subject’s leg by the investigator so that
the foot was fixed into a maximally dor-
siflexed position. This resulted in the
stretching of the calf muscles. While un-
dergoing intervention, each subject from
SST sat on a chair with the intervened leg
placed on a different chair with the back
flat against the backrest so that a 90°
hip–trunk angle was maintained. The
subject was instructed to stretch with
a straight back in an upright position
for 1h. Subjects were instructed to ad-
just the orthosis every 15min to control
the intensity of stretching.

The STR performed calf muscle
strength training consisting of 5 sets
of 12 repetitions of calf raises on the 45°
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Abstract
The so-called “stretch-induced force deficit”
is known from a large amount of research.
There are many theories trying to explain the
stretch-induced force deficit and increases
in the range of motion (ROM) which all
offer a stretch training-specific explanation.
However, when performing a commonly used
strength training session, a reducedmaximum
strength (MSt) capacity can be assumed as
well. Based on this, the aim of the study is to
investigate the tension-induced force deficit
due to a suprathreshold strength or stretching
training stimulus. Therefore, 71 participants
(age: 24.1± 4.2 years, height: 176.3± 5.7 cm,
weight: 74.1± 7.5 kg) were divided into three
groups: static stretching group (SST), strength
training group (STR), and control group (CG).
To investigate possible mechanical tension-
induced force deficits, SST performed a long-
lasting static stretching intervention for
1h using an orthosis, while STR executed

a common strength training intervention
(5× 12 repetition) for the plantar flexors.
The results show a significant reduction of
measured MSt as well as increased ROM for
both SST and STR following the interventions.
Consequently, we found similar acute effects
of stretching and strength training regarding
MSt and flexibility. We conclude that the
decreased MSt capacities can possibly be
attributed to mechanical tension-induced
damage of the muscle that is not linked to
a specific trainingmethod. The improvements
in flexibility found in both intervention groups
might be attributed to warm up effects when
inducing high mechanical tension to large
ankle joint angles.

Keywords
Maximal strength capacity · Range of motion ·
Mobility · Static stretching · Stretch-induced
force deficit

leg press. For this purpose, the subject
was supervised and instructed by the
investigator to perform the repetitions
over the full ROM. The participant
rested for 2min between sets.

Both interventions were performed
with one leg. The nonintervened leg
served as the control leg. The CG did
not perform any intervention for 1h.

Data analysis

The analysis was performed using SPSS
(version 28.0., IBM Corp., Armonk, NY,
USA). The Shapiro–Wilk test showed
normal distribution of baseline val-
ues (p> 0.05). Testing for significant
differences in baseline values was per-
formed using one-way analysis of vari-
ance (ANOVA). The changes in MSt as
well as ROM between the three groups
depending on the test time were cal-
culated using a two-way ANOVA. The
Scheffé test was used as a post hoc.
Effect sizes are presented as eta squared
(η2) and categorized as: small effect
η2< 0.06, medium effect η2= 0.06–0.14,
large effect η2> 0.14 (Cohen, 1988).

Since sample sizes are different in each
group, Hedges’ g was calculated for the
differences between groups using pooled
standard deviation and were classified
as follows: small effect g≥ 0.2, moder-
ate effect g≥ 0.5 and high effect g≥ 0.8
(Becker, 2000). Post hoc power (1-β)
was calculated via G-Power (version
3.1, Düsseldorf, Germany). The level of
significance was p< 0.05.

Results

The descriptive statistics and results of
two-way ANOVA for measured values
in the intervened leg are displayed in
. Table 2. . Figures 1 and 2 display pro-
gression from pre- to posttest in the in-
tervened leg.

The one-way ANOVA showed no sig-
nificant differences between the pretest
values for all parameters. Partial eta
squaredrevealedahigheffect sizeeffectof
η2= 0.438 for the change in mean values
for time andahigheffect size of η2= 0.274
for the time× group interaction effect for
isometrically recorded MSt in the inter-
vened leg, determinedvia LP. In addition,
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Table 1 Characteristics of test subjects
Group N Age (in years) Height (in cm) Weight (in kg)

Total 71 24.1± 4.2 176.3± 5.7 74.1± 7.5

SST 26 24.5± 5.2 177.8± 6.1 75.7± 3.2

STR 25 24.0± 4.8 175.4± 7.0 73.2± 5.4

CG 20 23.5± 3.2 176.1± 4.3 74.5± 2.9

SST static stretching, STR strength training, CG control group

for CMD partial eta squared revealed
a high effect size effect of η2= 0.185 for
the change in mean values from pretest
to posttest and a medium effect size of
η2= 0.153 for time× group interactionef-
fect for isometrically recordedMSt in the
intervened leg. Results are illustrated in
. Fig. 2. For ROM measurement partial
eta squared revealed a high effect size ef-
fect of η2= 0.433 for the change in mean
scores for the factor time and a high ef-
fect size of η2= 0.19 for the time× group
interaction effect for ROM in the inter-
vened leg, determined via the KtW. For
ROM measured via ORT the partial eta
squared revealedaneffectwithhigheffect
size of η2= 0.253 for the change in mean
values for the factor time and a medium
effect size of η2 = 0.072 for the interaction
effect for time× group for ROM in the
intervened leg. Results are illustrated in
. Fig. 3.

The Scheffé test showed significant
differences for mean differences between
SSTLP and CGLP (g= 0.85, p< 0.001)
and between STRLP and CGLP (g= 0.78,
p< 0.001) but no difference between
SSTLP and STRLP (p= 0.922). For
CMD post hoc test showed significant
differences for mean differences be-
tween SSTCMD and CGCMD (g= 0.37,
p= 0.006) and between STRCMD and
CGCMD (g= 0.09, p= 0.035) but no sig-
nificant differences were found between
SSTCMD and STRCMD (p= 0.799).

For ROM measurement via KtW,
the Scheffé test showed significant dif-
ferences between SSTKtW and CGKtW
(g= 0.24,p= 0.001)andbetweenSTRKtW
and CGKtW (g= 0.18, p= 0.02) for
mean differences. No significant dif-
ferences were found between SSTKtW
and STRKtW (p= 0.627). For the ROM
measurement via ORT, the Scheffé test
showed no significant differences be-
tween groups for mean differences.

G-Power post hoc analysis for F-tests
forwithinfactorscalculated1-β= 86.72%
for the lowest effect size with η2= 0.185
and 1–β= 99.99% for the highest effect
size with η2= 0.438 with α= 0.05 for
three groups and two time points for the
time effect. Furthermore, for interaction
group× time, there was 1–β= 16.99% for
the lowest effect size with η2= 0.072 and
1–β= 98.63% for the highest effect size
with η2= 0.274 with α= 0.05 for three
groups and two time points.

Discussion

The present study shows significant de-
creases in MSt values as an acute effect
following long-lasting stretching (SST:
–16.2%)aswell as strength training (STR:
–15.5%) in extended knee joint as well
as in bended knee joint (SST: –8.6%;
STR: –7.6%). Mobility measurements
showed significant increases in ROM for
the stretched leg at 6.9% (KtW) and 8.2%
(ORT), while strength training resulted
in increased ROM of 5.7% (KtW) and
5.7% (ORT) in the intervened leg. There
were no significant differences from pre-
to posttest in the CG.

The only studies using comparable
stretchingdurationswere thosebyFowles
et al. (2000) and Avela et al. (2004) with
durations of 33min and 1h, respectively.
The listed studies performed intermit-
tent stretching protocolsmeaning a com-
parison to the uninterrupted long-lasting
static stretching intervention used in the
presented study is limited. Furthermore,
comparativelysmallsamplesizesofn= 10
may be responsible for a higher decrease
in the average maximum force values, as
individual progressions have a stronger
effect on the overall statistics.

It can be concluded that the acute
effects of an intensive and prolonged
stretching training for 1h shows sim-
ilar effects compared to a commonly

used strength training with 5 sets of
12 repetitions. Similar decreases in MSt
and increases in ROM of the intervened
leg were identified for both interven-
tions. There are different explanatory
approaches regarding the MSt decreases
fromprevious studies attributing theMSt
losses to a reduction in tendon stiffness
and muscle stiffness (Fowles et al., 2000;
Kato, Vieillevoye, Balestra, Guissard, &
Duchateau, 2011; Konrad et al., 2019)
as well as neural decrements in muscle
activation, especially if there is a pro-
longed time of stretching (Avela et al.,
2004; Fowles et al., 2000). The reduced
stiffness of the muscle and tendon could
lead to reduced energy storage (Rosario
& Roberts, 2020) and diminished use of
the stretch-shortening cycle (Kallerud,
Gleeson, Kallerud, Gleeson, & Gleeson,
2013). However, this does not explain
a reduction inMSt values in an isometric
maximum force measurement since no
stretch shortening cycle is involved.

However, the preferred theory in our
work is a strength deficit based on mus-
cle damage. It is known from strength
training that the usage of high intensity
and TUT can induce EIMD (Schoenfeld,
2012) which could result in a decrease
in MSt (Mackey et al., 2020). Thus, it
is possible that the decreasing maximum
force values after a stretching interven-
tion can also be attributed to EIMD. As
Smithet al. (1993)alreadydemonstrated,
a stretching stimulus of sufficient inten-
sity can lead to muscle damage. This
could possibly indicate that the stretch-
induced force deficitmay be attributed to
mechanical tensionorEIMD irrespective
of the use of stretch or strength training.

In principle, similar effects have been
measured in both groups for ROM. In
the literature, the most prominent expla-
nations for the increase in flexibility as
an acute effect of stretch training refer to
a reduced pain tolerance, a change in no-
ciception or a reduced resting tension of
the muscle due to a change in the MTU
(Freitas et al., 2018; Kay & Blazevich,
2012; Opplert & Babault, 2018). How-
ever, we also identified increased ROM
as an acute response to strength training.

Thus, increases inflexibility could also
be linked to warm-up effects such as im-
proved viscosity in the muscles (Padua
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a b

Fig. 28 Progression ofmean values formaximal strengthmeasurement frompre- to posttest regarding SST, STR, andCG for
the intervened leg in leg press (LP) and calfmuscle device (CMD)

a b

Fig. 38 Progressionofmeanvalues forROMmeasurementfrompre-toposttest regardingSST,STR,andCGforthe intervened
leg in knee towall test (KtW) and anglemeasuring device of the orthosis (ORT)

et al., 2019)andreduced joint frictiondue
to increased synovial fluid flow (Roberts,
Law,&Thom, 2019). It ispossible that the
increases in flexibility in the presentwork
can be explained by previously discussed
effects (altered resting tension, adapta-
tions of the MTU, altered neuronal pro-
cesses), but it is questionable whether
these adaptations are specific to stretch
training or general reactions of the body
to an increased state of warming (Bishop,
2003a, b).

The results of the present study show
that, in principle, acute effects of a long-
lasting stretching training regarding MSt

and ROM do not differ from those of
a strength training.

Limitations

Using the KtW, the anthropometry of
the participants, in particular the length
of the tibia may influence the measure-
ment score and should be normalized
a priori. However, we hypothesize that
this plays a minor role in this study since
it can be assumed that the participants’
body anthropometrics (e.g., the length of
lower limb) did not change from pre- to
posttest. Thus, exclusively intraindivid-
ual changes were measured from pre- to

posttest. From this, even if a comparison
with other flexibility testing procedures
or the interindividual comparison seems
to be limited, results showed increases
in ROM in used measurements. Never-
theless, Cejudo, de Baranda, Ayala, and
Santonja (2015) and Cejudo, de Baranda,
Ayala, Croix,&Santonja-Medina(2020a)
stated high reliability of commonly used
tests in clinical settings which could be
included in further studies to exclude
possible limitations of the KtW test.
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Table 2 Descriptive statisticsaswell as two-wayANOVAofacuteeffects, includingmean, SD,percentage increaseaswell asTimeeffectand Interaction
effects

Parameter Pretest (M± SD) in N Posttest (M± SD) in N % difference Time effect Time× group

SSTLP 1661.1± 355.2 1391.2± 236.2 –16.2

STRLP 1602.5± 345.2 1354.9± 250.2 –15.5

CGLP 1495.2± 345.6 1499.3± 356.5 +0.3

p< 0.001
F(1.69)=51.492
η2= 0.438

p< 0.001
F(2.69)=12.467
η= 0.274

SSTCMD 1403.0± 373.8 1282.5± 298.3 –8.6

STRCMD 1477.7± 290.5 1451.1± 301.1 –1.8

CGLP 1496.8± 333.2 1500.7± 337.7 +0.3

p< 0.001
F(1.69)=14.992
η= 0.185

p= 0.004
F(2.69)=5.96
η= 0.153

SSTKtW 13.1± 3.6 14.0± 3.3 +6.9

STRKtW 12.1± 3.6 12.8± 3.5 +5.7

CG 12.6± 3.1 12.7± 3.1 +0.8

p< 0.001
F(1.69)=50.44
η= 0.433

p< 0.001
F(2.69)=7.723
η= 0.19

SSTORT 7.5± 2.0 8.1± 1.9 +8.0

STRORT 8.7± 2.4 9.2± 2.5 +5.7

CGORT 8.0± 2.1 8.1± 2.1 +1.25

p< 0.001
F(1.69)= 22.358
η= 0.253

p= 0.084
F(2.69)= 2.571
η= 0.072

SST static stretching group, STR strength training group, CG control group, LP isometric maximum strength in the leg press, CMD isometric maximum strength
in the calf muscle testing device, KtW ROM investigated via knee to wall test, ORT ROM measured via angle measuring device of the orthosis, ANOVA analysis
of variance, Mmean, SD standard deviation

Conclusion

Based on the results, we conclude that
there are similar decreases in maximum
strength (MSt) and similar increases
in range of motion (ROM) due to in-
ducedmechanical tension irrespective of
whether the underlying stimulus resulted
from stretching or strength training.
Decreased MSt values could possibly be
attributed to exercise-induced muscle
damage (EIMD), changes in the muscle-
–tendon unit (MTU), reduced passive
stiffness or compliance. Increased ROM
can possibly be attributed to an in-
creased warm-up state or decreased pain
tolerance following stretch or strength
training—as long as strength training is
performed over full ROM.

Practical Implications

We recommend avoiding highmechan-
ical tension irrespective of whether it is
achieved through stretch or strength
training prior to sports depending
on producing maximum force values.
Accordingly, a performance-enhanc-
ing warm-up should not include any
suprathreshold mechanical stimuli so
that the positive effects, such as an in-
creased range of motion (ROM), can be
achieved without negatively influenc-
ing strength performance.
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