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Abstract

Study aim: This study aimed to investigate the influence of combined plyometric and resistance training of lower limbs when 
administered for a shorter duration of six weeks on the stiffness of Achilles and patellar tendons as well as the jump height.
Materials and methods: Twenty recreational athletes were administered six weeks of a single session of lower limb resistance 
training and one session of plyometric training every week for a total duration of six weeks. Tendon stiffness was measured 
using MyotonPro, and vertical jump height was derived from the force plate at baseline and six weeks after the intervention.
Results: There was a statistically significant difference (p < 0.01) between the baseline and post-training measures of patellar 
and Achilles tendons stiffness as well as the squat jump (SJ) and countermovement jump (CMJ) height.
Conclusion: Both resistance and plyometric training may be incorporated into the training session as combined training showed 
significant improvements in jump height and tendon stiffness after six weeks of combined RT and PT.

Keywords: Weight training – Jump height – Jump training – Stretch-shortening cycle  
– Vertical jump performance

Introduction

The rising demand for sports performance has insti-
gated intense and long duration training resulting in an in-
creased risk of overuse injuries in athletes. The peak force 
imparted to the athletes is about 12.5 times their body 
weight in activities like running or jumping [22]. Among 
numerous athletic injuries, tendinopathies of the patellar 
and Achilles tendons are common [19].

Tendons act as “mechanical buffers” and play a vital 
role in the absorption and transmission of force from mus-
cle to bone [17]. Optimal tendon stiffness is essential for 
enhancing sports performance and preventing sports inju-
ries [21]. Tendinopathies may alter the mechanical proper-
ties of tendons leading to altered force transmission, which 
may affect the sports performance [1, 9]. The decreased 
stiffness of the tendons may result in excessive strain and 
are associated with a higher risk of sports injuries.

A systematic review has reported that the collagen of 
the tendons adapts to the mechanical loading during exer-
cises. An increase in the tendon stiffness can be attributed 
to the alterations in the material properties or an increase 

in the cross-sectional area (CSA) [2, 20, 28]. A study that 
investigated the effects of plyometric training (PT) on 
Achilles tendon showed that there is a reduction in the dis-
sipative properties and an increase in the stiffness without 
any changes in the CSA. However, Kjaer et al. reported 
that resistance training (RT) for 12 weeks resulted in a re-
gion-specific increase in the CSA, especially in the proxi-
mal and the distal part of the patellar tendon, suggesting 
tendon hypertrophy [12].

Another study that investigated the unilateral train-
ing program for plantar flexors (PT on one side of the 
lower limb and RT on the other side) showed the follow-
ing changes. The RT increased the Achilles tendon (AT) 
stiffness but not joint stiffness. Conversely, PT increased 
the joint stiffness, but not the AT stiffness. Also, the PT 
increased squat jump (SJ) and countermovement jump 
(CMJ) heights effectively, when compared with RT [15]. 
Thus, combining RT and PT during the training session 
may improve the tendon and joint stiffness, thereby aug-
menting the sports performance.

A study showed that a minimum of three months of RT 
is required to observe an improvement in the tendon stiff-
ness, whereas the stiffness decreases to the pre-training 

Author’s address Prabu Raja G, Department of Exercise and Sports Sciences, Manipal College of Health Professions, Manipal 
Academy of Higher Education, Karnataka, India. 576 104        prabu.raja@manipal.edu



Influence of lower limb plyometric and resistance training on tendon stiffness 57

level within two months of detraining [13]. Although PT 
is shown to be effective in improving the vertical jump 
performances of countermovement and squat jumps, bet-
ter improvements will be seen when done for a longer du-
ration (≥10 weeks) [27].

Nevertheless, Donald et al. demonstrated a significant 
improvement in the lower limb strength following either 
PT or RT when administered twice a  week for just six 
weeks [18]. Thus, it is essential to investigate the effect 
of combined RT and PT on tendon stiffness and vertical 
jump performance when incorporated for a shorter dura-
tion. This study’s objectives were to examine the influence 
of combined RT and PT on patellar and Achilles tendon 
stiffness as well as vertical jump performance when ad-
ministered for six weeks.

Material and methods

Study design
A single group, pretest-posttest design was utilized.

Study setting
The study was conducted at the Centre for Sports 

Science, Medicine, and Research, Manipal College of 
Health Professions, Manipal Academy of Higher Educa-
tion in India.

Participants
Twenty recreational athletes between the ages of 18 

and 35 volunteered for the study. The inclusion criteria 
included the following. The participants were required to 
have a weight training history of at least three times per 
week for two months continuously in the past six months. 
In addition, the participants had to be able to perform 

a single-leg half-squat without pain and five repetitions of 
half-squat in 5 seconds with a load of 60% of body weight. 
Athletes with lower limb musculoskeletal pain or any 
medical conditions contraindicated for resistance train-
ing were excluded. Consequently 20 athletes were eligible 
(age: 22.1 ± 3.81 years; height: 171.3 ± 8.53 cm; weight 
69.5 ± 10.5 kg; mean ± SD), including eighteen males and 
two females.

Procedure
After approval from the Institutional Research Com-

mittee, ethical clearance was obtained from the Insti-
tutional Ethics Committee (IEC 799/2019). The study 
was registered in the Clinical Trials Registry of India 
(CTRI/2019/12/022462). Each participant voluntarily pro-
vided written informed consent before participating. The 
procedure of the study is shown in Figure 1.

Interventions
All participants underwent 12 training sessions, includ-

ing one session of RT and one session of PT in a week. 
There was an interval of a minimum of two days between 
the RT and PT sessions in a week. One familiarization ses-
sion was given to all the participants before the training 
sessions.

Training protocol: A  standardized warm-up, includ-
ing jogging and dynamic stretching was provided for all 
participants before the beginning of each training session. 
The principal investigator supervised all sessions. The to-
tal duration of the session lasted for about 45 minutes to 
an hour.

The plyometric training program consisted of the fol-
lowing plyometric drills: two-foot ankle hop, squat jumps, 
box drills, and depth jumps, as shown in Table 1. The PT 
sessions’ progression was made every two weeks during 

 

 

 

 

20 participants were recruited after fulfilling the inclusion criteria

Informed consent were obtained from participants. All participants were provided with 
participant information sheets were provided  

Pre-intervention measurements including tendon stiffness and jump height were taken 

Participants were given a six weeks of combined resistance and plyometric training 

Post-intervention measurements of tendon stiffness and jump height were taken 

Figure 1.  Study procedure
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the six weeks of training sessions by increasing the height 
of the plyometric box. The first two weeks of PT sessions 
were done using a plyometric box of 22 inches, whereas, 
during the third and fourth weeks, 24 inches and the last 
two weeks, 26 inches were used. The rest period between 
sets was 2 to 3 minutes [9, 10, 23].

Testing: The resistance-training program is based on 
the one-repetition maximum (1RM), which was estimated 
using a  1RM estimation table [25]. Although 1RM test-
ing is considered as the gold-standard procedure for the 
measurement of maximal muscular strength, consider-
ing the safety and effectiveness, ten-repetition maximum 
(10RM) testing was preferred in this study, from which 
1RM was estimated. The procedure is similar to 1RM 
testing except for the inclusion of 10 repetitions. 10RM 
testing begins with a warm-up set consisting of 10 repeti-
tions with 50% of the estimated 10RM load. The warm-up 
load was in the range of 30–40% of the participant’s body-
weight. The 10RM was determined if the participant was 
able to complete the tenth repetition but unable to perform 
the eleventh repetition. If the volunteers were able to per-
form more than ten repetitions, the load was increased by 
5–10%. An interval of three minutes was given in-between 
the sets [24, 25].

Training: Exercises were performed according to the 
percentage of 1RM. The weight-training program includ-
ed four exercises: high bar squat, leg press, seated, and 
standing calf raises. The frequency of training was three 
sets of each exercise per session. The intensity varied from 
67% to 80% of 1RM. The rest period between the sets was 
3 minutes, as shown in Table 1.

Outcome measures
The outcome measures include measurement of the 

stiffness of Achilles and patellar tendons using Myoton 
Pro and the vertical jump performance by measuring jump 
height using a  force plate. The outcome assessor was 
blinded.

The MyotonPro digital palpation device (Myoton AS, 
Estonia and Myoton Ltd, London) was pre-calibrated by 

the manufacturer and was done a month prior to the as-
sessments. The MyotonPro digital palpation device was 
connected with Myoton AS software (Version 5.0.0) for 
attaining the required data (ICC = 0.96). The MyotonPro 
device was used to measure the stiffness of Achilles and 
patellar tendons in newtons/meter (N/m). The measure-
ment is based on the free oscillation technique, where 
the probe of the device was placed perpendicular to the 
skin. A brief mechanical impulse was applied, resulting in 
damped oscillation of the tissue, which was recorded. The 
obtained filtered acceleration curves were used to calcu-
late the viscoelastic properties of the tissue. The stiffness 
can be inferred from the filtered curve as follows. Stiff-
ness = a0 × mprobe/∆l, where a0 is the first negative peak 
(maximal acceleration of the curve), mProbe is the mass of 
the probe (probe), and ∆l is the maximal displacement of 
the tissue [8]. The device was placed 4 cm above the cal-
caneal tuberosity in prone lying for the Achilles tendon 
and at the insertion of the patellar tendon in sitting, as 
shown in Figure 2 [26]. Three measurements were taken 
for both patellar and Achilles tendons and the average of 
these stiffness measures was considered and expressed in 
newtons/meter (N/m).

AMTI’s Biomechanics Force Platform (AMTI, Inc. 
Watertown, MA)

The force platform was interfaced with AMTI’s Net 
force software (Version 3.5.3), used for data acquisition, 
and AMTI’s Bioanalysis software (Biosoft, Version 2.3.2) 
was used for data analysis (ICC = 0.98). Jump height 
measurement was taken on a digital platform force plate as 
shown in Figure 3. The squat jump (SJ) and countermove-
ment jumps (CMJ) were performed three times for both 
the jumps and the average of these values was considered. 
Data were transferred to software and jump height calcu-
lation was done using flight time [5, 6, 16].

Data analyses
The recorded data were analyzed using SPSS ver-

sion 16. Descriptive statistics were used to measure 

Table 1.  Interventions (Lower Limb Resistance training and Plyometric training)

Intervention Exercises Frequency (sets × reps) Rest period 

Lower limb  
Plyometric training

Two-foot ankle hop
Squat jump, 
Box drills
Depth jump

2 sets × 10 reps each 2–3 minutes

Lower limb  
Resistance training

Squat (high bar)
Leg Press
Standing calf raise
Seated calf raises

1st set × 12 reps × 70% of 1RM
2nd set × 10 reps × 75% of 1RM
3rd set × 8 reps × 80% of 1RM

3 minutes
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baseline demographic data. The Kolmogorov-Smirnov 
test showed that data for patellar tendon stiffness and 
countermovement jump height followed the normal 
distribution; thus, the paired t-test was used to analyze 
the differences following interventions. The Wilcoxon 
signed rank test was used to identify the differences in 
the AT stiffness and SJ height with the level of signifi-
cance p ≤ 0.05.

Results

The Wilcoxon-signed rank test showed a  statistically 
significant difference (p < 0.01) between the pre- and post-
test measurements of AT stiffness and SJ height as shown 
in Table 2. The paired ‘t’ test that was used for the analy-
sis for PT stiffness and CMJ height showed a statistically 

Figure 2.  Measurement of Patellar and Achilles tendon stiffness using Myoton Pro

Figure 3.  Measurement of Squat and Countermovement jump height using a force plate

Baseline 
Median (IQR)

Post training 
Median (IQR) Difference [%] Significance Effect size r

AT stiffness left [N/m] 839 (771, 910) 946 (903, 1011) 12.8 p < 0.01 >0.5

AT stiffness right [N/m] 850 (792.5, 930.5) 946 (896.5, 1030) 11.3 p < 0.01 >0.5

SJ Height [cm] 28.5 (25.25, 32.76) 33.5 (31, 37.5) 17.5 p < 0.01 >0.5

AT – Achilles tendon, SJ – Squat Jump, IQR – Inter quartile range.

Table 2.  Comparison of Achilles tendon stiffness and SJ height following training



K.K. Brar et al.60

significant difference in baseline and post-training meas-
ures as shown in Table 3. 

Discussion

Although remodeling of the tendon is considered to oc-
cur in response to strength or endurance training, there is 
inconsistent information regarding the influence of RT on 
the mechanical properties of the tendon [4]. The increase 
in the stiffness of tendons is considered necessary in pre-
venting injuries such as tendinopathies in athletes. Stiff-
ness of Achilles and patellar tendons may play an essential 
role in vertical jump performance besides joint stiffness. 
An increase in the stiffness of tendons can influence the 
muscle’s ability to rapidly generate force. Long-term re-
sistance training results in an increase in the total number 
as well as the diameter of collagen fibrils [3]. Plyometric 
training when administered for 12 weeks showed improve-
ment in the stretch-shortening cycle exercise performance 
by optimizing the muscle-tendon behavior and increasing 
the tendon stiffness [11]. Although RT and PT have been 
shown to improve the tendon stiffness and jump height, 
it usually takes more than ten weeks of training sessions 
when administered individually. This study intended to in-
vestigate the influence of combined RT and PT of lower 
limbs for just six weeks on the stiffness of Achilles and 
patellar tendons as well as countermovement and squat 
jump height. There was a significant improvement in the 
stiffness of Achilles and patellar tendons as well as jump 
height following six weeks of resistance and plyometric 
training.

A study reported that isometric training for 12 weeks 
not only increased muscle strength and size but also in-
creased the stiffness and Young’s modulus of the human 
tendon of the vastus lateralis [14].

Kubo et al. investigated the effects of unilateral plyo-
metric and resistance training on the muscle-tendon com-
plex of plantar flexors and jump performance. The RT 
increased the Achilles tendon (AT) stiffness but not joint 
stiffness. On the other hand, PT increased joint stiffness, 

but not the AT stiffness. Also, the PT increased SJ and 
CMJ heights effectively, when compared with RT [15]. 
Thus, including both RT and PT sessions may improve the 
tendon and joint stiffness, thereby aiding in augmenting 
the sports performance.

Incorporating RT and PT during the athletic training 
sessions may be useful in improving the tendon stiffness 
and vertical jump performance even when performed for 
a shorter duration of 6 weeks, which signifies the role of 
combined PT and RT in performance enhancement. Thus, 
incorporating both RT and PT during the athletic training 
sessions may be useful in improving the tendon stiffness 
and vertical jump performance even when performed for 
a shorter duration of six weeks. The results of the study 
have key implications for coaches in planning the training 
protocols for athletes involved in explosive sports focus-
ing on enhancing sports performance with less likelihood 
of injuries.
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