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Abstract 
Foam rolling (FR) and vibration foam rolling (VFR) interventions 
have received attention as pre-exercise warm-ups because they 
maintain performance and increase range of motion (ROM). 
However, the immediate and prolonged effects and the compari-
sons between FR and VFR interventions are unknown. Therefore, 
this study was designed to compare the effects of FR and VFR 
interventions on passive properties of knee extensors over time 
(up to 30 min after interventions). A crossover, random allocation 
design was used with 14 male college students (22.1 ± 1.0 years 
old) in the control, FR, and VFR conditions. The knee flexion 
ROM, pain pressure threshold (PPT), and tissue hardness were 
measured before and immediately after, 10, 20, and 30 minutes 
after the intervention. The results showed that knee flexion ROM 
increased significantly immediately after the intervention in both 
the FR and VFR conditions and maintained up to 30 minutes after 
both conditions. PPT increased significantly (p < 0.01) immedi-
ately after the FR intervention. In the VFR condition, there was a 
significant increase in PPT immediately after the intervention (p 
< 0.01) and 10 minutes after the intervention (p < 0.05). Tissue 
hardness was significantly decreased (p < 0.01) immediately after 
and 10 minutes after the FR intervention. However, tissue hard-
ness in the VFR condition was significantly decreased (p < 0.01) 
up to 30 minutes after the intervention. The results suggest that 
FR and VFR interventions increase knee flexion ROM, and the 
effect lasts at least 30 minutes, but the effects on PPT and tissue 
hardness are maintained a longer time in the VFR condition com-
pared to the FR condition. Therefore, VFR can be recommended 
as a warm-up before exercise to change the passive properties of 
knee extensors. 
 
Key words: Range of motion, warm-up routine, pain pressure 
threshold, tissue hardness. 

 
 
Introduction 
 
Enhancing flexibility is crucial for both rehabilitation and 
athletics. Foam Rolling (FR) has recently attracted atten-
tion as an intervention method to improve flexibility. An 
acute bout of FR can increase a joint's range of motion 
(ROM) (Behm et al., 2020; Konrad et al., 2022b; Wilke et 
al., 2020). In addition, a single FR intervention has no neg-
ative impact on performance (Cheatham et al., 2015; 
Wiewelhove et al., 2019). Therefore, it has been suggested 
that an FR intervention can be an effective warm-up 

method (Wiewelhove et al., 2019). In addition, the effects 
of a vibration foam roller (VFR) intervention, in which a 
Foam Roller is equipped with a vibration function, have 
been investigated in recent years. A meta-analysis examin-
ing the effect of VFR intervention on ROM reported a 
greater improvement in ROM in the hip and knee joints 
with VFR intervention compared to FR intervention (Park 
et al., 2021). A previous study showed a significantly 
higher hip extension ROM increase in the VFR interven-
tion group compared to the FR intervention group (Reiner 
et al., 2021). Furthermore, a meta-analysis by Alenso-Cal-
vete et al. concluded that VFR intervention might improve 
jumping performance, agility, and muscle strength, alt-
hough they found no significant differences aside from re-
covery (Alonso-Calvete et al., 2022). These findings sug-
gest that VFR is more effective than FR intervention in in-
creasing ROM and may improve performance, and further 
application of VFR in sports and rehabilitation is desirable. 

However, when FR or VFR intervention is used as 
a warm-up method in the sports field, it is likely that sport-
ing events are rarely performed immediately after the in-
tervention. Therefore, investigating the prolonged effects 
of FR and VFR interventions is necessary. In a previous 
study investigating the prolonged effects of different FR 
intervention durations on the ankle plantar flexors 
(Nakamura et al., 2021b), 30 seconds of FR intervention 
showed no immediate change in ankle dorsiflexion ROM 
as well as over time (i.e., 30 min after the intervention). 
The group that received 3x30s (total 90 seconds) interven-
tions and the group that received 10x30s (total 300 sec-
onds) intervention showed a significant increase in dorsi-
flexion ROM at 2 min post-intervention. However, after 30 
minutes, the dorsiflexion ROM was returned to the base-
line value in both groups. On the other hand, in a previous 
study investigating the prolonged effects of two different 
frequencies of VFR intervention on knee extensors 
(Nakamura et al., 2022a), the results showed that knee flex-
ion ROM increased significantly compared to PRE values 
regardless of frequency and the increase in knee flexion 
ROM was sustained until 20 minutes. Thus, VFR interven-
tion might have a greater prolonged effect than FR inter-
vention, or the effects are muscle/joint specific. To our 
knowledge, so far, no studies have compared the prolonged 
effects of  FR and  VFR interventions.  FR and VFR inter- 
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ventions have recently attracted attention in sports and re-
habilitation settings (Ikutomo et al., 2022; Konrad et al., 
2022a). Therefore, it is essential for athletes, coaches, and 
rehabilitation settings to examine the effects of FR and 
VFR interventions over time. 

Therefore, this study was designed to compare and 
examine the effects of FR and VFR interventions on knee 
extensors over time. Our hypothesis in this study was that 
the effect would be sustained in the VFR group compared 
to the FR group, in accordance with our previous study 
(Nakamura et al., 2022a). 
 
Methods 
 
Experimental set-up 
The study was conducted in a randomized, repeated-
measures controlled experiment. Participants were in-
structed to come to the laboratory three times with an in-
terval of at least ≥ 48 hours. Participants were exposed to 
three conditions: FR, VFR, and Control (Figure 1). FR and 
VFR were performed three times for 60 seconds each on 
the dominant leg. The rest between sets was 30 seconds. 
The control condition was 300 seconds of rest in order to 
match the time of FR or VFR intervention. Outcomes were 
measured in each condition before (PRE), immediately af-
ter (POST), 10, 20, and 30 minutes after the intervention. 
Knee flexion ROM, pain pressure threshold (PPT), and tis-
sue hardness were measured in the knee extensors on the 
dominant side. 
 

 

 
 

Figure 1. The Experimental set-up. FR: foam rolling, VFR: vibra-
tion foam rolling. 

 
Participants 
Fourteen healthy, recreationally active males were enrolled 
(mean ± SD: age, 22.1 ± 1.0 years; height, 170.4 ± 5.9 cm; 
weight, 68.3 ± 10.0 kg). Individuals with a history of neu-
romuscular disease and musculoskeletal injury involving 
the lower extremities were excluded. The required sample 
size for a repeated-measures two-way analysis of variance 
(ANOVA) (effect size = 0.25 [large when considering in-
teraction effects for 2-way ANOVAs], α error = 0.05, and 
power = 0.95) based on our previous study’s ROM results 
(Nakamura et al., 2022b) using G* power 3.1 software 
(Heinrich Heine University, Dusseldorf, Germany) was 
more than 10 participants. 

For the study, participants were fully informed 
about the procedures and aims, after which they provided 
written informed consent. The study complied with the re-
quirements of the Declaration of Helsinki and was ap-
proved by the Ethics Committee of the Niigata University 
of Health and Welfare, Niigata, Japan (Procedure#18615). 
 
Outcome assessment 
 
Knee flexion ROM 
Each participant was placed in a side-lying position on a 
massage bed with the hips as well as the knee of the non-
dominant leg flexed at 90° to prevent pelvic movements 
(Nakamura et al., 2020). A licensed physical therapist (i.e., 
the investigator) brought the dominant leg to full knee flex-
ion with the hip joint in a neutral position. A goniometer 
(MMI universal goniometer Todai 300 mm, Muranaka 
Medical Instruments, Co., Ltd., Osaka, Japan) was used to 
measure the knee flexion ROM. Knee flexion ROM was 
measured three times in each measurement period, and the 
average value at each measurement period was used for 
further analysis. 
 
Pain pressure threshold (PPT) 
PPT measurements were conducted in the supine position 
using an algometer (NUTONE TAM-22(BT10); TRY-
ALL, Chiba, Japan). The measurement location was set at 
the midway of the distance between the anterior superior 
iliac spine and the dominant side’s superior border of the 
patella for the rectus femoris muscle. With continuously 
increasing pressure, the soft tissue in the measurement area 
was compressed with the metal rod of the algometer. The 
participants were instructed to immediately press a trigger 
when pain, rather than just pressure, was experienced. The 
value noted from the device at this time point (kilograms 
per square centimeter) corresponded to the PPT. In each 
condition, PPT was measured three times at each measure-
ment period, and the mean value at each measurement pe-
riod was used for further analysis. 
 
Tissue hardness 
Tissue hardness was measured using a portable tissue hard-
ness meter (NEUTONE TDM-N1; TRY-ALL Corp., 
Chiba, Japan). The participant's measurement position and 
posture were similar to PPT measurements. This tissue 
hardness meter measured the penetration distance until a 
14.71 N (1.5 kgf) pressure was reached (Sawada et al., 
2020). The participants were instructed to relax while tis-
sue hardness was measured three times at each measure-
ment, and the mean value at each measurement period was 
used for further analysis. 
 
Foam Rolling (FR), and Vibration Foam Rolling (VFR) 
intervention 
The participants were instructed on how to use the foam 
roller (Stretch Roll SR-002, Dream Factory, Umeda, Ja-
pan) by a physical therapist. For familiarization, they were 
allowed to practice using the foam roller three to five times 
on the non-dominant leg (non-intervention leg) immedi-
ately before the FR intervention to verify that the partici-
pants were able to perform the FR intervention at the     
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specified velocity and location. The participants performed 
three 60-s bouts of FR or VFR with a 30-s rest between 
sets. The participants were instructed to be in the plank po-
sition with the foam roller at the most proximal portion of 
the quadriceps of the dominant leg only. We defined one 
cycle of FR as one distal rolling plus one subsequent prox-
imal rolling movement. FR velocity was set at 30 cycles 
per 60s (90 cycles in three sets) and controlled using a met-
ronome (Smart Metronome; Tomohiro Ihara, Japan). This 
procedure followed the recommendations from a previous 
study to maximize the increase in ROM (Behm et al., 
2020). The participants were asked to place as much body 
mass on the roller as tolerable. 
 
Statistical analysis 
SPSS (version 24.0, SPSS Japan Inc., Tokyo, Japan) was 
used for the statistical analysis. To verify the consistency 
of PRE values, PRE values were tested among all condi-
tions using a one-way ANOVA. For all the variables, a 
two-way repeated-measures ANOVA using two factors 
(test time [PRE vs. POST vs. 10 min vs. 20 min vs. 30 min] 
and conditions [FR vs. VFR vs. control]) was used to ana-
lyze the interaction and main effects. Classification of ef-
fect size (ES) was set where ηp

2 < 0.01 was considered 
small, 0.02 – 0.1 was considered medium, and more than 
0.1 was considered to be a large effect size (Cohen, 1988; 
Kasahara et al., 2022).Where appropriate, post hoc anal-
yses were performed using multiple comparison tests with 
Bonferroni correction to determine differences between 
PRE, POST, 10, 20, and 30 minutes. Additionally, we cal-
culated the Cohen’s d ES as differences in the mean value 
divided by the pooled SD between pre and post-interven-
tion in each condition, an ES of 0.00 - 0.19 was considered 
as trivial, 0.20 - 0.49 as small, 0.50 - 0.79 as moderate, and 
≥0.80 as large (Cohen, 1988). The significance level was 

set to 5％, and all the results are shown as mean ± SD. 
 
Results 
 
Comparison between PRE values among the three    
conditions 
There were no significant differences in all PRE variables 
among the three conditions and, thus, did not yield indica-
tions of a baseline difference. 
 
Changes in knee flexion ROM, PPT, and tissue         
hardness 
Table 1 shows the changes in knee flexion ROM, PPT, and 
tissue hardness before and after interventions. The two-
way repeated-measures ANOVA indicated significant in-
teractions for all the variables (ROM: F = 13.4, p < 0.01, 
ηp

2 = 0.41, PPT: F = 2.7, p < 0.01, ηp
2 = 0.12, tissue hard-

ness: F = 4.9, p < 0.01, ηp
2 = 0.19). In addition, there were 

main effects for time for all the variables (ROM: F = 68.0, 
p < 0.01, ηp

2 = 0.64, PPT: F = 8.9, p < 0.01, ηp
2 = 0.19, 

tissue hardness: F = 16.1, p < 0.01, ηp
2 = 0.29). 

The post-hoc test results showed a significant in-
crease (p < 0.01) in ROM compared to PRE in both FR and 
VFR conditions at POST, 10 min, 20 min, and 30 min post-
intervention, respectively. However, compared to POST 
values, ROM significantly decreases (p < 0.01) at 10, 20, 

and 30 minutes post-intervention in both FR and VFR con-
ditions. Furthermore, the FR condition showed a signifi-
cant decrease (p < 0.01) only at 30 minutes compared to 
the value at 10 minutes, while the VFR condition showed 
a significant decrease (p < 0.01) at 20 and 30 minutes. Only 
the FR condition showed a significant decrease (p < 0.01) 
at 30 minutes compared to the value at 20 minutes. 

In the PPT, the FR condition showed a significant 
increase (p < 0.01) at POST compared to the PRE value, 
and the VFR condition showed a significant increase (p < 
0.01) at POST and after 10 minutes after the intervention. 
In the FR condition, PPT decreased significantly (p < 0.01) 
at 20 and 30 minutes compared to the POST value. In tissue 
hardness, the FR condition showed a significant decrease 
(p < 0.01) at POST and after 10 min compared to the PRE 
value, and the VFR condition showed a significant de-
crease (p < 0.01) at POST, after 10 min, after 20 min, and 
after 30 min compared to the PRE value. In the FR condi-
tion only, the PRE value significantly increased at 30 
minutes compared to the POST value (p < 0.01). In the con-
trol condition, there were no significant changes in all var-
iables. 

 
Discussion 
 
The results showed that both FR and VFR interventions 
could increase knee flexion ROM significantly up to 30 
minutes after the intervention. On the other hand, the 
changes in PPT and tissue hardness after VFR intervention 
were sustained longer than FR intervention. The results of 
this study suggest that both FR and VFR interventions may 
be recommended for increasing ROM as a pre-exercise 
warm-up. However, VFR intervention is recommended ra-
ther than FR intervention if the goal is to sustain the 
changes in PPT and tissue hardness longer. When FR in-
tervention is performed as a warm-up in a sports field, there 
are likely few competitive events in which the athlete must 
perform immediately after the warm-up. Therefore, infor-
mation about the prolonged effect of FR and VFR interven-
tion is essential for athletes, coaches, and physical thera-
pists. To the best of our knowledge, this is the first study to 
compare the prolonged effect of FR and VFR on the pas-
sive properties of knee extensors. 

The results showed that FR and VFR interventions 
could increase knee flexion ROM, which is consistent with 
some previous studies (Behm et al., 2020; Kasahara et al., 
2022; Konrad et al., 2022a; Nakamura et al., 2022a). These 
studies have suggested that the increase in ROM with FR 
and VFR interventions may involve changes in stretch tol-
erance (Behm and Wilke, 2019; Konrad et al., 2022a; 
Nakamura et al., 2021a; Nakamura et al., 2021b). Also, 
PPT was significantly increased after FR and VFR inter-
vention in this study. Taken together, the detailed mecha-
nism of the increase in knee flexion ROM in this study is 
unknown, but we believe that changes in stretch tolerance 
due to FR and VFR interventions could be involved in the 
increase in knee flexion ROM. Interestingly, our results 
showed that FR and VFR interventions could increase knee 
flexion ROM for up to 30 minutes, which is inconsistent 
with the previous study (Nakamura et al., 2021b), showing 
that  dorsiflexion  ROM  returned to  baseline  30  minutes  
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Table 1. The changes in knee flexion range of motion (ROM), pain pressure threshold, and tissue hardness before and after control, Foam Rolling, and Vibration Foam Rolling intervention, 10 minutes 
after intervention, 20 minutes after intervention, and 30 minutes after intervention, as mean  ±  SD. The two-way ANOVA results (T: time effect, C x T: condition x time interaction effect; F-value) and 
partial η2 (ηp

2 ) are shown in the right column. 
 Control Foam Rolling Vibration Foam Rolling ANOVA results 
 

PRE POST 10min 20min 30min PRE POST 10min 20min 30min PRE POST 10min 20min 30min 
P value,  

F value, ηp
2 

Knee  
Flexion 
ROM 

(degrees) 

139.5± 
3.7 

139.7±  
3.6 

139.8±  
3.6 

139.7±  
3.7 

139.7± 
3.8 

138.5±  
3.3 

141.5± 
4.2* 

140.8± 
4.1*† 

140.3± 
4.1*† 

139.7± 
4.2 *†‡§ 

140.1± 
3.5 

143.1± 
4.1* 

142.5± 
3.9 
*† 

141.9± 
3.8 *†‡ 

141.5± 
3.9 *†‡ 

T: F=68.0, p<0.01, 
ηp

2=0.64 
CxT: F=13.4,  

p <0.01, ηp
2=0.41 d= 0.05 0.08 0.06 0.04 d= 0.80 0.63 0.48 0.33 d= 0.77 0.64 0.47 0.37 

PPT 
(kg) 

4.16± 
1.4 

4.18±  
1.4 

4.10 ±  
1.4 

4.08 ±  
1.5 

4.12 ±  
1.7 

4.04 ±  
1.2 

4.78 ±  
1.7* 

4.31 ±  
1.3 

4.15 ±  
1.4† 

4.05 ±  
1.2† 

4.25 ±  
1.5 

5.02 ±  
1.7* 

4.84 ±  
2.1* 

4.60 ±  
1.9 

4.65 ±  
2.0 

T:F=8.9, p<0.01, 
ηp

2=0.19 
CxT: F=2.7, 

p<0.01, ηp
2=0.12 

d= 0.01 -0.04 -0.05 -0.03 d= 0.51 0.21 0.08 0.00 d= 0.48 0.33 0.20 0.23 

Tissue 
 hardness 

(N) 

18.76±  
0.6 

18.8± 
1.9 

18.5± 
1.9 

18.8± 
1.6 

18.6± 
1.7 

18.1± 
1.9 

16.7± 
1.6* 

16.7± 
2.1* 

17.2± 
2.0 

17.5± 
2.0† 

18.5± 
2.4 

16.9± 
2.3* 

16.9± 
2.5* 

16.8± 
2.4* 

17.2± 
2.2* 

T: F=16.1, p<0.01, 
ηp

2=0.29 
CxT: F=4.7, 

p<0.01, ηp
2=0.19 d= 0.01 -0.15 0.03 -0.11 d= -0.78 -0.67 -0.43 -0.29 d= -0.72 -0.66 -0.73 -0.58 

*: Significant difference from PRE value (p<0.01); †: Significant difference from POST value (p<0.01); ‡: Significant difference from 10min value (p<0.01); §: Significant difference from 20min value (p<0.01)  
 

after more than 90 or 300 seconds FR intervention. On the other hand, the results supported 
and extended the previous study's findings (Nakamura et al., 2022a), showing a significant 
increase in knee flexion ROM after VFR intervention was sustained for up 20 minutes. 
Taking all this information together, the prolonged effect of FR and VFR intervention 
effects might differ depending on the target muscle. Therefore, investigating the effects of 
different target muscles in FR and VFR interventions is necessary. 

The results showed a significant increase in PPT immediately after the intervention 
in both FR and VFR intervention., and the change in PPT was sustained after 10 minutes 
after VFR intervention, not FR intervention. Previous studies have shown that mechanical 
stimulation with FR intervention could reduce pain perception (Weerapong et al., 2005). 
The vibration stimulation is supposed to produce a more in-depth stimulation of the mus-
cle and myofascial tissue due to a greater contribution of the mechanoreceptors, specifi-
cally the interstitial type I and II receptors, which respond to sustained pressure and mod-
ulate the sympathetic and parasympathetic activity (Behm and Wilke, 2019; Cheatham 
and Stull, 2019). Thus, the changes in PPT after VFR intervention could be sustained 
longer than FR intervention. 

Furthermore, the results revealed that FR intervention significantly decreased tis-
sue hardness immediately after the intervention and up to 10 minutes after the intervention. 
Conversely, VFR intervention significantly decreased this hardness up to 30 minutes after 
intervention. A previous study reported increased tissue perfusion and decreased tissue 

stiffness after FR intervention (Hotfiel et al., 2017). In addition, FR and VFR interventions 
might induce thixotropic changes in intramuscular hyaluronan and alter muscle viscoelas-
ticity (Behm and Wilke, 2019). As described above, vibration stimulation has a greater 
effect on mechanoreceptors, such as interstitial type I and type II receptors, and may result 
in deeper stimulation of muscle and fascia (Behm and Wilke, 2019). Thus, the decrease in 
tissue hardness after VFR intervention could be sustained longer than FR intervention. 

This study had some limitations. First, we investigated the prolonged effect of FR 
and VFR intervention for up to 30 minutes. It is unclear when the knee flexion ROM could 
return to the baseline value after FR and VFR intervention. A future study is needed to 
investigate the prolonged effects for a longer duration. Second, the duration of different 
total intervention times is unknown. This study performed a total of 180 seconds of FR 
and VFR interventions. However, 180 seconds of FR intervention as a pre-exercise warm-
up may be too long, and the duration of the short-term FR intervention is unknown. There-
fore, investigating the prolonged effect of shorter-duration FR and VFR intervention is 
needed in the future. 
 
Conclusion 
 
In this study, we investigated the effects of FR and VFR interventions on knee flexion 
ROM,  PPT,  and  tissue  hardness  over time. The results showed that knee flexion ROM
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increased in FR and VFR intervention groups at least up to 
30 minutes after intervention. In addition, the changes in 
PPT and tissue hardness could be sustained for a longer du-
ration after VFR intervention rather than FR intervention. 
Therefore, VFR intervention is recommended as a pre-ex-
ercise warm-up to increase ROM with changing PPT and 
tissue hardness. 
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Key points 
 
 We investigated the sustained effects of foam rolling (FR) 

and vibration foam rolling (VFR) interventions on knee 
flexion range of motion (ROM), pain pressure threshold, 
and tissue hardness. 

 FR and VFR intervention for 180 seconds increased ROM 
for at least up to 30 minutes. 

 The changes in pain pressure threshold and tissue hardness 
after VFR intervention were sustained for a longer duration 
rather than FR intervention. 

 VFR intervention could be recommended in sports and re-
habilitation settings to increase ROM by changing the pain 
pressure threshold and tissue hardness. 
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