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Abstract.	 [Purpose] The purpose of this study was to investigate the effects of isokinetic passive exercise and 
motion velocity on passive stiffness. In addition, we also discuss the effects of the contraction of agonist and an-
tagonist muscles on passive stiffness. [Subjects] The subjects were 20 healthy men with no bone or joint disease. 
[Methods] Isokinetic passive exercise and isometric muscle contraction were performed on an isokinetic dynamom-
eter. The angular acceleration measured by the accelerometer was compared before and after each task. [Results] 
After the passive exercise, the angular acceleration increased in the phase of small damped oscillation. Moreover, 
the effect was higher at high-speed movement. The angular acceleration was decreased by the contraction of the 
agonist muscle. Conversely, the angular acceleration was increased by the contraction of the antagonist muscle. 
[Conclusion] Isokinetic passive exercise reduced passive stiffness. Our results suggest the possibility that passive 
stiffness is increased by agonist muscle contraction and decreased by antagonist muscle contraction.
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INTRODUCTION

In the field of engineering, stiffness is defined as the 
amount of displacement on application of force. The term 
“stiffness” is also used in the medical field to describe the 
hardness of the skin caused by scarring, decreased joint 
movement, and spasticity because of increased muscle 
tone1). Changes in stiffness affect the course of clinical re-
habilitation. When a patient has joint contractures caused 
by spasticity or limitation of the range of motion (ROM) as-
sociated with immobility (disuse or fixation), joint stiffness 
is increased. These impairments cause activity disturbance 
and decline in the efficiency of activity2, 3). In the field of 
sports medicine, decreased joint stiffness reportedly dimin-
ishes performance because of the loss of power transmis-
sion efficiency4). The state of joint stiffness is important in 
deciding the strategy for rehabilitation and the therapeutic 
effect. Joint stiffness is classified into dynamic stiffness 
and passive stiffness. Passive stiffness is joint stiffness dur-
ing passive exercise and represents the characteristics of 
the elastic element of the soft tissue5). Dynamic stiffness 
is the stiffness of joints during activity, and includes not 
only structural hardness of the tissue but also the element 
of muscle activity; therefore, it is calculated as the slope of 
the regression line between the joint moment and the joint 

angle during joint movement6). Passive stiffness varies with 
lifestyle and reportedly decreases with certain stretching 
methods5, 7). There are few reports on the influence on pas-
sive stiffness of passive ROM exercises, which have been 
widely adopted in clinical practice8, 9). Furthermore, the in-
fluence of the motion speed of the passive ROM exercise on 
passive stiffness has not been investigated.

Muscle hardness increases after strength training10), 
and affects the cross-linked structure of actin and myosin 
in resting muscle11). Thus, the potential for muscle contrac-
tion can change passive stiffness. Therefore, the intensity, 
frequency, or the practice order of muscle strengthening 
exercises may have a positive or negative effect on ROM. 
This study used the angular acceleration of a leg in the pen-
dulum drop test (PDT)12) as an indicator of passive stiffness. 
We investigated the effects of isokinetic passive exercise on 
passive stiffness and determined the difference between the 
effects of high-speed and low-speed tasks. In addition, we 
examined the effect of the contraction of agonist and an-
tagonist muscles on the passive stiffness of the knee exten-
sion element.

SUBJECTS AND METHODS

The subjects were 20 healthy men (age, 26.8 ± 3.8 years) 
with no bone or joint disease. Thigh length, leg length, leg 
circumference, height, weight, body fat percentage, and 
body mass index were measured as the physical character-
istics of the subjects. The subjects provided their consent 
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to participation in this study, and the study protocol was 
approved by the Medical Ethics Committee of Kanazawa 
University (certificate no. 354).

The acceleration of a freely falling leg in the PDT was 
measured using 2 accelerometers in the resting state, and 
after the tasks of isometric muscle contraction and con-
stant-velocity passive exercise. The accelerometer used 
was a small acceleration transducer (AS-10B; Kyowa Elec-
tronic Instruments Co., Ltd., Japan). The accelerometers 
were fixed to a plastic rod (length, 31 cm; width, 2.5 cm; 
and thickness, 0.5 mm) with surgical tape and double-sided 
tape, so that the sensitive direction of the accelerometer 
would correspond to the long axis of the leg. Accelerometer 
1 (Acc1) was attached 1 cm above the bottom of the bar, and 
accelerometer 2 (Acc2) was affixed 26.5 cm above the top 
of Acc1. The center of the head of the fibula and the lateral 
malleolus were used as landmarks to determine the posi-
tion of the plastic rod, and the plastic rod was attached 1 cm 
above the center of the lateral malleolus (Fig. 1).

Electromyographic data were collected from the vastus 
lateralis (VL) and biceps femoris (BF) muscles to detect 
the stretch reflex during the isokinetic passive exercise, and 
to measure the muscle activity during isometric contrac-
tion. The myoelectric signal was recorded using a 16-bit 
A/D converter (MQ8; Kissei Comtec Co., Ltd., Japan). The 
sampling frequency was 1,024 Hz, and a band-pass filter of 
10–500 Hz was used. Skin preparation consisted of shav-
ing and abrading with a skin preparation gel (NuPrep; DO 
Weaver & Co., Aurora, Co., USA) (4 × 8 cm) to achieve a 
skin resistance of ≤5 kΩ. Disposable silver–silver chloride 
(Blue Sensor) electrodes were attached at an interelectrode 
distance of 2.5 cm. The electrode for the VL recording was 
located on the outer femur surface 5 finger breadths proxi-
mal to the upper edge of the patella; the electrode for the BF 
recording was located at the midpoint of the line segment 
connecting the ischial tuberosity and head of the fibula; and 
the ground electrode was located on the tibial tuberosity. 
Electromyography (EMG) radio transmitters were fixed to 
the waist of the subject by a belt after affixing the electrodes.

Isometric muscle contraction and isokinetic passive ex-
ercise tasks were performed using an isokinetic dynamom-
eter (Cybex 770-Norm; Cybex International Inc., USA). 
Subjects were positioned on the seat after the recording 
devices were attached, and the upper trunk and pelvis were 
secured with belts. The seat was adjusted so that the sub-
ject’s knee-joint axis matched the rotational axis of the lever 
arm. During this time, the subject was instructed to rest.

Measurements were taken using the following proce-
dure.
1) PDT before the task of isokinetic passive exercise
After practicing several times, the free-fall acceleration 
of the leg was measured in the PDT. The starting posi-
tion was 30°of knee joint flexion. The accelerometer was 
reset after checking the position with a goniometer. We 
also monitored the displacement of the zero position at 
the start angle with the accelerometer. All these checks 
were performed by the same person.
2) Isokinetic passive exercise at 500°/s and 30°/s
Motor tasks were performed on the left and right sides, 

and the 2-speed tasks were allocated randomly to either 
the left or the right leg. The tasks were performed us-
ing the Cybex CPM mode; the slow speed was 30°/s and 
the high speed was 500°/s. The tasks consisted of flex-
ing and extending the knee and were repeated 40 times. 
The ROM was set from 0° to 120° of the knee joint. The 
examiner also confirmed the presence or absence of the 
muscle stretch reflex on EMG.
3) PDT after the task of isokinetic passive exercise
The PDT was carried out immediately after the comple-
tion of the isokinetic passive exercise task. The distal 
part of the leg cuff was removed, and the lever arm was 
quickly rotated upward. The resultant acceleration of the 
free fall of the lower leg was measured.
4) Isometric contraction of the knee extensor
Subjects performed isometric contraction of the knee ex-
tensor muscles at maximum effort, with the knee flexed 
at 60°. The contraction time was 5 s with a resting time 
of 10 s, and the task was repeated 3 times. The examiner 
provided verbal encouragement during the task. EMG 
data were recorded from the start until the end of the 
measurement.
5) PDT after the task of isometric contraction of the knee 
extensor
6) Isometric contraction of the knee flexor
Subjects performed isometric contraction of the knee 
flexor muscles at maximum effort, with the knee flexed 
at 60°. The contraction time was 5 s with a resting time 
of 10 s, and the task was repeated 3 times. The examiner 
provided verbal encouragement during the task. EMG 
data were recorded from the start until the end of the 
measurement.
7) PDT after the task of isometric contraction of the knee 
flexor
The measurement was repeated 3 times to confirm the 
reproducibility of the PDT data in 5 subjects (10 limbs).

The accelerometer data were processed using analysis 
software (BIMUTAS II; Kissei Comtec Co., Japan), which 
applied a low-pass filter of 6 Hz after the calibration pro-
cess. The acceleration data from the 2 sites were converted 
to angular acceleration according to the method of Kusu-
hara et al.13) (Acc1 − Acc2)/0.265. The following 5 param-
eters were used as indicators of passive stiffness (Fig. 2): 

Fig. 1.  Mounting of accelerometer
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first angular acceleration (FAAC), second angular accelera-
tion (SAAC), third angular acceleration (TAAC), first at-
tenuation factor (SAAC/FAAC × 100), and second attenu-
ation factor (TAAC/SAAC × 100). Further, the percentage 
decrease of angular acceleration was calculated (after the 
task/before the task × 100), to determine the effect of the 
isokinetic passive exercise on movement velocity, and com-
pared between the angular accelerations of 500°/s and 30°/s.

The angular acceleration was analyzed only in the direc-
tion of flexion from the extended position, because it would 
be expected to be slow in the direction of extension with a 
wide range of antigravity.

The EMG data of BF and VL were analyzed using BI-
MUTAS II. The root mean square (RMS) of the EMG was 
calculated on the basis of a 5-s isometric contraction task, 
with the initial and the final seconds excluded. The RMS 
values were calculated at intervals of 30-ms during the 3-s 
analysis period, and the mean RMS was calculated from 
the RMS values of the BF and VL. The mean RMS of the 
BF or VL during the task of knee extension or flexion was 
normalized to the mean RMS of the maximum isometric 
contraction of the corresponding muscle (BF mean RMS 
during the extension task/BF mean RMS during the maxi-
mum isometric contraction × 100 ; %RMS).

Statistical analysis was performed using SPSS for Win-
dows 11.0 J (SPSS Inc., 1989–2001). The Bonferroni multi-
ple comparison test was used for the comparison of angular 
acceleration data before and after the isokinetic passive ex-
ercise and isometric knee extension tasks. The paired t-test 
was used to compare the angular acceleration data before 
and after the isometric knee flexion task and the percentage 
increase of angular acceleration. The intraclass correlation 
coefficient (ICC) was used to test the reproducibility of the 
PDT data.

RESULTS

The ICCs for 3 repeats of the PDT data were 0.936, 0.949, 
and 0.956 for the FAAC, SAAC, and AAC, respectively, in-
dicating good reproducibility.

FAAC: At 30°/s, the angular acceleration was 7.39 ± 
2.12 rad/s2 before the task, 7.79 ± 2.51 rad/s2 after isokinetic 
passive exercise, and 6.11 ± 2.59 rad/s2 after isometric mus-

cle contraction of knee joint extension. A significant dif-
ference was observed in the angular acceleration between 
before and after isometric muscle contraction of knee joint 
extension (p<0.05). The angular acceleration after isokinet-
ic passive exercise significantly differed from that after iso-
metric muscle contraction of knee joint extension (p<0.01). 
At 500°/s, the angular acceleration was 7.10 ± 1.99 rad/s2 
before the task, 7.68 ± 1.71 rad/s2 after isokinetic passive 
exercise, and 6.50 ± 1.84 rad/s2 after isometric muscle con-
traction of knee joint extension. A significant difference 
was observed between the angular acceleration after iso-
kinetic passive exercise and that after isometric muscle con-
traction of knee joint extension (p<0.01) (Table 1).

SAAC: At 30°/s, the angular acceleration was 5.45 ± 
1.79 rad/s2 before the task, 5.89 ± 1.79 rad/s2 after isokinetic 
passive exercise, and 4.61 ± 2.02 rad/s2 after isometric mus-
cle contraction of knee joint extension. A significant differ-
ence was observed between the angular acceleration values 
before and after isometric muscle contraction of knee joint 
extension (p<0.05). Furthermore, the angular acceleration 
after isokinetic passive exercise significantly differed from 
that after isometric muscle contraction of knee joint exten-
sion (p<0.01). At 500°/s, the angular acceleration was 5.31 ± 
2.03 rad/s2 before the task, 5.90 ± 1.44 rad/s2 after isokinetic 
passive exercise, and 4.87 ± 1.76 rad/s2 after isometric mus-
cle contraction of knee joint extension. A significant differ-
ence was observed between the angular acceleration after 
isokinetic passive exercise and that after isometric muscle 
contraction of knee joint extension (p<0.01) (Table 2).

TAAC: At 30°/s, the angular acceleration was 4.14 ± 
1.36 rad/s2 before the task, 4.27 ± 1.51 rad/s2 after isokinetic 
passive exercise, and 3.28 ± 1.72 rad/s2 after isometric mus-
cle contraction of knee joint extension. The angular accel-
eration differed significantly before and after the isometric 
muscle contraction of knee joint extension (p<0.05). A sig-
nificant difference was observed between the angular accel-
eration after isokinetic passive exercise and that after iso-
metric muscle contraction of knee joint extension (p<0.01). 
At 500°/s, the angular acceleration was 3.85 ± 1.66 rad/s2 
before the task, 4.44 ± 1.42 rad/s2 after the isokinetic pas-
sive exercise, and 3.58 ± 1.44 rad/s2 after the isometric 
muscle contraction of knee joint extension. A significant 
difference was observed in the angular acceleration before 
and after isokinetic passive exercise (p<0.05). In addition, 
the angular acceleration after the isokinetic passive exer-
cise significantly differed from those after isometric muscle 
contraction of knee joint extension (p<0.01) (Table 3).

The first damping extinction ratio was 74.4 ± 6.9% be-
fore the task, 76.1 ± 5.2% after isokinetic passive exercise, 
and 74.8 ± 8.8% after isometric muscle contraction of the 
knee joint extension at 30°/s, and 76.2 ± 10.6% before the 
task, 78.5 ± 8.0% after isokinetic passive exercise, and 75.2 
± 10.6% after isometric muscle contraction of knee joint ex-
tension at 500°/s. No significant differences were observed 
between groups.

The second damping ratio was 73.4 ± 6.2% before the 
task, 73.0 ± 7.8% after isokinetic passive exercise, and 70.8 
± 12.7% after isometric muscle contraction of knee joint 
extension at 30°/s, with no significant differences between 

Fig. 2.  Angular acceleration as the passive stiffness index in the 
PDT
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groups. At 500°/s, the second damping ratio was 70.0 ± 
9.2% before the task, 73.8 ± 8.8% after isokinetic passive 
exercise, and 71.0 ± 10.4% after isometric muscle contrac-
tion of knee joint extension, with a significant difference 
between the values before and after isokinetic passive ex-
ercise (p<0.05).

The percentage increases in angular acceleration after 
isokinetic passive exercise were 106.0 ± 17.1% (FAAC), 110.0 
± 17.8% (SAAC), and 105.0 ± 24.1% (TAAC). At 500°/s, the 

percentage increases were 111.5 ± 22.5% (FAAC), 120.0 ± 
32.6% (SAAC), and 124.0 ± 32.6% (TAAC). The percent-
age increase was significantly greater at 500°/s in TAAC 
(P=0.019).

The angular acceleration was significantly greater than 
the angular acceleration after the isometric knee extension 
in FAAC and SAAC at 30°/s (Table 4). The degree of muscle 
activity of BF was 7.18 ± 2.75% during isometric knee ex-
tension, whereas that of the VL was 9.49 ± 6.69% during 

Table 2.  Changes of SAAC after each motor task

Angular velocity
Angular acceleration (rad/s2)

Before task After isokinetic
passive exercise

After isometric
contraction

30°/sec 5.45 ± 1.79 5.89 ± 1.79 4.61 ± 2.02*,**
500°/sec 5.31 ± 2.03 5.90 ± 1.44 4.87 ± 1.76**

Values are presented as the average ± SD
*; between before and after isometric contraction, p<0.05
**; between after isokinetic passive exercise and after isometric contraction, p<0.01

Table 3.  Changes of TAAC after each motor task

Angular velocity
Angular acceleration (rad/s2)

Before task After isokinetic
passive exercise

After isometric
contraction

30°/sec 4.14 ± 1.36 4.27 ± 1.51 3.28 ± 1.72*,**
500°/sec 3.85 ± 1.66 4.44 ± 1.42 3.58 ± 1.44†,**

Values are presented as the average ± SD
*; between before and after isometric contraction, p<0.05
**; between after isokinetic passive exercise and after isometric contraction, p<0.01
†; between before and after isokinetic passive exercise, p<0.05

Table 4.  Change of the angular acceleration after the flexor contraction

Isometric contraction task (rad / s2)
Extensor Flexor

FAAC 30°/sec 6.11 ± 2.59 6.72 ± 2.55 *
500°/sec 6.50 ± 1.84 6.67 ± 2.03

SAAC 30°/sec 4.61 ± 2.02 5.09 ± 2.42 *
500°/sec 4.87 ± 1.76 5.11 ± 1.94

TAAC 30°/sec 3.28 ± 1.72 3.57 ± 2.18
500°/sec 3.58 ± 1.44 3.77 ± 1.73

Values are presented as the average ± SD
*; significantly difference, p<0.05

Table 1.  Changes of FAAC after each motor task

Angular velocity
Angular acceleration (rad/s2)

Before task After isokinetic
passive exercise

After isometric
contraction

30°/sec 7.39 ± 2.12 7.79 ± 2.51 6.11 ± 2.59*, **
500°/sec 7.10 ± 1.99 7.68 ± 1.71 6.50 ± 1.84**

Values are presented as the average ± SD
*; between before and after isometric contraction, p<0.05
**; between after isokinetic passive exercise and after isometric contraction, p<0.01
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isometric knee flexion.

DISCUSSION

In the present study, changes in passive stiffness before 
and after isokinetic passive exercise and the influence of the 
motion speed of passive ROM exercise were investigated. 
After isokinetic passive exercise, the angular acceleration 
increased by 6–10% at 30°/s and by 11–24% at 500°/s. The 
percentage increase in the angular acceleration at 500°/s 
tended to be higher than that at 30°/s in FAAC and SAAC, 
and was significantly higher in TAAC. This result suggests 
that passive stiffness is reduced by isokinetic passive ex-
ercise, and that this effect is greater in high-speed motion.

Muscles exhibit thixotropy14, 15), a phenomenon in which 
agitation and shear stress causes a decrease in viscosity. 
Agitation and shear stress increases with an increase in the 
motion speed in passive exercise. As a result, the effect of 
thixotropy is greater at fast motion, which might explain 
the increased angular acceleration observed in the present 
study. ROM exercises are usually performed over the entire 
ROM at slow speeds in consideration of pain development 
and the stretch reflex. Joint movement at slow speeds is ap-
propriate for inhibiting the stretch reflex16, 17). The multiple 
limiting factors in ROM include muscle, connective tissue, 
and skin18, 19). Therefore, if the main limiting factor is the 
fascia with the characteristics of glide and connective tissue, 
ROM exercises may be more effectively performed at high 
speed, thereby increasing the agitation power and shearing 
stress per unit time. In FAAC and SAAC at both 30°/s and 
500°/s, the angular acceleration tended to increase; how-
ever, no significant difference was observed between before 
and after each task. In the initial phases of the lower leg 
fall, the angular acceleration in the PDT did not reflect the 
changes in passive stiffness because of increases in both 
the angular acceleration and the amount of displacement. 
The damped oscillation of the falling lower leg is affected 
by the lower leg shape, length, weight, and femoral muscle 
mass. In the present study, individual differences were not 
considered in the investigation of the rate of change before 
and after the task. We consider that the variation in angular 
acceleration was increased by the influence of individual 
differences such as lower leg shape in the FAAC and SAAC, 
particularly in large angular accelerations. In recent years, 
the mitigation model of individual differences has been 
devised for the PDT20). Future studies should incorporate 
modifications using this technique.

In the FAAC, SAAC, and TAAC at both 30°/s and 500°/s, 
the angular acceleration significantly decreased after the 
task of isometric muscle contraction of knee joint extension 
compared with the task of isokinetic passive exercise. This 
result suggests that passive stiffness in the direction of knee 
flexion increases after isometric muscle contraction of knee 
joint extension. Noda et al.21) reported that the viscous con-
stant of the muscle is significantly greater before than after 
isometric muscle contraction. On the other hand, a study of 
the hardness of muscle reported that muscle hardness was 
increased after exercise10). In an isometric contraction task, 
the fascia and connective tissue are not stretched because 

there is no articulation. It seems that the influence of these 
factors on angular acceleration is small. Therefore, we con-
sider the decrease in angular acceleration after isometric 
contraction is caused by changes in the muscle contraction 
element. The results of the present study revealed increased 
passive stiffness after agonist muscle contraction. Thus, we 
propose that when treatment is intended to increase ROM, 
exercises generating strong muscle contractions may inhibit 
ROM. ROM exercises preceding muscle strength training 
are considered optimal for effective rehabilitation. In con-
trast, higher joint rigidity may aid stability, because the 
transmission efficiency of the joint torque in muscle con-
traction is excellent.

In patients with hemiplegia, rigid ankles caused by 
abnormal muscle tone resulting from spasticity may con-
tribute to the stabilization of walking. Based on these 
considerations, increased joint stiffness caused by muscle 
contraction before surgery may improve performance and 
surgical outcome of patients with joint instability.

However, the effect of increasing the duration of passive 
stiffness is unknown. Future research on this topic is war-
ranted.

In FAAC and SAAC at 30°/s, the angular acceleration 
after the isometric muscle contraction of knee joint flexion 
significantly increased compared with that in the task of iso-
metric knee extension. During the motor task, the %RMS 
was 9.4% on average for VL, but the angular acceleration 
was increased and the passive stiffness in the direction of 
knee flexion was decreased. We consider that the increased 
involvement of the contractile element resulted in an articu-
lation different from that in isometric knee extension, and a 
significant difference in the phase of large angular accelera-
tion in the initial free-fall motion of the lower leg. Afferent 
nerves from the muscle spindle inhibit the motor neurons 
of the antagonist muscle through the interneurons, in addi-
tion to the excitation from the firing of the same neurons, 
when the agonist muscle contracts22). We consider that the 
extensor muscle is inhibited by the contraction of the flexor 
muscle; therefore, angular acceleration is increased. Our re-
sults, confirm the theory of the relaxation technique using 
Ia-inhibition, and the effect of previous isometric contrac-
tion of the antagonist muscle improving the agonist ROM 
exercise was verified.
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