
Research article

Assessment of passive knee stiffness and
viscosity in individuals with spinal cord
injury using pendulum test
Mahmoud Joghtaei1, Amir Massoud Arab2, Hamed Hashemi-Nasl3, Mohammad
Taghi Joghataei4, Mohammad Osman Tokhi1

1Department of Automatic Control and Systems Engineering, University of Sheffield, UK, 2Department of Physical
Therapy, University of Social Welfare and Rehabilitation Sciences, Tehran, Iran, 3Department of Anatomy, Tehran
University of Medical Sciences, Tehran, Iran, 4Department of Anatomy, Iran University of Medical Sciences,
Tehran, Iran

Objective: Stiffness and viscosity represent passive resistances to joint motion related with the structural
properties of the joint tissue and of the musculotendinous complex. Both parameters can be affected in
patients with spinal cord injury (SCI). The purpose of this study was to measure passive knee stiffness and
viscosity in patients with SCI with paraplegia and healthy subjects using Wartenberg pendulum test.
Design: Non-experimental, cross-sectional, case–control design.
Setting: An outpatient physical therapy clinic, University of social welfare and Rehabilitation Science, Iran.
Patients: A sample of convenience sample of 30 subjects participated in the study. Subjects were categorized
into two groups: individuals with paraplegic SCI (n= 15, age: 34.60± 9.18 years) and 15 able-bodied
individuals as control group (n= 15, age: 30.66± 11.13 years).
Interventions: Not applicable.
Main measures: Passive pendulum test of Wartenberg was used to measure passive viscous-elastic parameters
of the knee (stiffness, viscosity) in all subjects.
Results: Statistical analysis (independent t-test) revealed significant difference in the joint stiffness between
healthy subjects and those with paraplegic SCI (P= 0.01). However, no significant difference was found in the
viscosity between two groups (P= 0.17). Except for first peak flexion angle, all other displacement kinematic
parameters exhibited no statistically significant difference between normal subjects and subjects with SCI.
Conclusions: Patients with SCI have significantly greater joint stiffness compared to able-bodied subjects.
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Introduction
Spinal cord injury (SCI) refers to any injury to the spinal
cord that results in loss of function and motor and/or
sensory disturbances below the point of the injury. SCI
often occurs unexpectedly and most frequently because
of trauma (motor vehicle accident, falls, diving into
lakes, etc.). In the UK, incidences of SCI are 10–15
per million which includes about 600–900 new cases
per year.1 Investigators reported more than 200 000
patients with SCI in the USA and 10 000 new cases in

each year.2 The majority of all SCI (80%) occurs in
the individuals who are about 30 years of age.

SCI causes loss of sensation, loss of movement (phys-
ical inactivity), loss of muscle function (weakness and
paralysis), spasticity, and stiffness.2 Spasticity is one of
the most common symptoms in persons with SCI.3,4

Previous studies indicated that about 30% of a regional
SCI population reported problematic spasticity.3

Altered muscle tone and change in tendon or exterocep-
tive reflexes are the components commonly included in
the spastic syndrome.3 It has been reported that spasti-
city might reduce the range through which the muscle
can contract.5 Considering muscle spasticity and
hyper-activity in SCI, contracture represents a muscle
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adaptation in which the muscle increases passive stiff-
ness such that range of motion (ROM) around a joint
is limited without active force production of the
muscle. Thus, the persons with SCI are susceptible to
the changes in viscous-elastic properties of the tissues,
tightness and shortening of ligaments, stiffening of
joint capsules, shortening of muscles, joint contractures,
and ROM limitation.3–7

Different procedures might affect muscle tone and
viscous-elastic properties. For example, lack of move-
ment is thought to cause stiffness whereas passive move-
ments are commonly performed by physical therapists
to decrease muscles or joints stiffness.
The quantitative analysis of the viscous-elastic prop-

erties (stiffness, viscosity, joint flexibility) in subjects
with SCI could be useful for rehabilitation programs
and to follow-up the effects of physical therapy interven-
tions and rehabilitation programs.
The passive pendulum test is a biomechanical method

commonly used to measure the viscous-elastic par-
ameters (stiffness, viscosity) during passive swing of
the lower limb to represent the passive resistances to
joint motion associated with structural properties of
the joint tissues and the musculotendinous complex. It
is simple and easy to use, specific to the quadriceps
(an important muscle for functional activities), and
has shown to give reliable and consistent results.8–11

Oatis8 evaluated the reliability of this method in 96
healthy adults and concluded that the method was
reliable and quick measure of stiffness in the knee
joint. Previous studies used this technique to calculate
stiffness and viscosity in the patients with different neu-
romusculoskeletal disorders compared with healthy sub-
jects.8–12 Katz and Rymer 13 suggested the pendulum
test as a robust and practical measure of spasticity
with minimal variability in repeated measures.
The knee joint is the most measured and standardized

joint using this technique by various researchers. The
trajectory of the oscillating leg from passive pendulum
test presents a set of kinematic parameters such as
peak angular values, which is useful to monitor the
changes in the knee ROM. Some investigators used
this test to understand the underlying neurophysiologi-
cal disturbances in spasticity.14,15 The kinematic
outcome depends on a combination of forces acting at
a joint. Stiffness and viscosity represent the passive
resistances provided by tissues to the angular motion.
While stiffness is considered the resistance of an elastic
body to resist deformation, viscosity is related to the
friction between adjacent layers of tissues. Both par-
ameters may influence the ROM of a knee joint affect-
ing angular displacement.

Some investigators measured kinematic variables
using the pendulum test and evaluated changes in knee
angular displacement, passive stiffness, and viscosity in
a paraplegic SCI patient to design a dynamic leg
model for estimation of passive stiffness and viscosity.16

Considering the importance of evidence-based prac-
tice, the purpose of this study was to measure the
passive knee stiffness and viscosity in SCI patients
with paraplegia and healthy subjects using the
Wartenberg pendulum test to determine any changes
in viscous-elastic properties of the tissues in these
patients relative to healthy controls.
We hypothesize that:

• The passive knee stiffness and viscosity are significantly
different between healthy subjects and SCI patients with
paraplegia.

• The kinematic data assessed during the pendulum test
are significantly different between subjects with and
without paraplegic SCI.

Methods
Subjects
Experiments were performed on 15 individuals with
paraplegic SCI (age: 34.60± 9.18 years; height:
169.80± 11.02 cm; weight: 70.86± 14.45 kg) and 15
able-bodied individuals (age: 30.66± 11.13 years;
height: 168.67±11.02 cm; weight: 67.10± 16 kg) as
control group.The subject population in this study was
a sample of convenience made up of the subjects who
were between the ages of 21 and 55 years. They were
consecutive subjects who agreed to participate and ful-
filled the inclusion criteria. The subjects with SCI
(n=15) all had clinically stable lesions between the
neurological levels of T4–L1, signified by a lack of sen-
sation and voluntary movement below the level of
injury. Considering the American Spinal Injury
Association (ASIA) Impairment Scale (AIS) for SCI,
patients were classified as having incomplete injury
(grade C, AIS-C). Patients with higher level injuries
were excluded to provide a group of patients with
similar physiological characteristics. In this study, SCI
occurred following motor vehicle accident, falls,
gunshot wounds, lifting heavy objects during a parade
and from Myelin degeneration. Detailed information
is provided in the Results section. Healthy subjects,
matched in age, were selected as control. All the subjects
signed an informed consent form approved by the
human subjects committee at the University of Social
Welfare and Rehabilitation Sciences before participating
in the study. Physical characteristics of the subjects in
each group are shown in Table 1.
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Passive pendulum test procedure
Passive pendulum testing is a means of acquiring passive
viscous-elastic parameters of the knee. The subject was
placed in a semi-upright sitting position (45°) with the
lower legs hanging over the edge of a chair (Fig. 1).
The thigh was tightened with a strap to make it stays
in a stationary condition. To avoid any modification
to the passive characteristic of the knee due to ankle
movements, a plastic ankle foot orthosis was used to
keep the ankle at 90°. The subject’s shank was raised
and held by the examiner with the knee in maximum
extension until the knee muscle was completely
relaxed. This may take about 10–15 seconds. Then the
subject’s leg was released and was allowed to swing
and oscillate freely between flexion and extension and
the leg movement was recorded until the shank
reaches its final resting position and stopped. The
viscous-elastic properties of the joint and surrounding
tissues, together with the mass of the moving foot and
leg, caused the leg to finally come to rest close to the

vertical position. Using a flexible twin axis electronic
goniometer (Model: SG110/A, Biometrics Ltd,
Newport, UK), movements of the leg were recorded
during a passive pendulum test. During testing pro-
cedure, the subject’s eyes were kept close using sleep
masks. The test was performed three times and the
mean value of three measurements was taken for the
analysis.

Measurements and estimations
There are several variables that could be derived from
kinematics of pendulum test. The following displace-
ment and timing parameters were measured using the
Wartenberg’s technique8–12 (Fig. 2):
• Start angle, onset angle (OA)
• Resting angle (RA)
• First three peak flexion angles (F1, F2, F3)
• First three peak extension angles (E1, E2, E3)
• Amplitude of initial flexion (F1Amp= F1−OA)
• Amplitude of initial extension (E1Amp=F1−E1)
• Plateau amplitude (PA=RA−OA)
• Relaxation index (RI= F1Amp/PA)
• Extension relaxation index , (ERI= E1Amp/PA)
• Period of the first cycle (T )
Some kinematic data of knee motion and anthropo-
metric measures were used to compute the viscosity
and stiffness. Knee stiffness (K ) and viscosity (B) were
estimated by computing the damping ratio (ζ) and the
natural frequency (ωn) obtained from the test data
using the following equations reported by others8:

ωn =
���
K ′

J

√
= 2π

T
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2
�����
JK ′√ =

���������������
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4π2 + (ln D)2

√
D = θ1

θ2

ωn = K ′

J
= 2π

T

The estimation for J and mass characteristics (m and l )
were obtained for the subjects according to Winter.18

Table 1 Demographic data of the subjects (mean±SD)

Variables Patients with paraplegia and SCI (n=15) Healthy subjects (n=15)

Age (years) 36.22± 11.16 30.16± 12.08
Weight (kg) 69.55± 17.61 65.83± 8.83
Height (m) 1.71± 0.15 1.7± 0.03
Sex Male (n= 8) 53.3% (n= 8) 53.3%

Female (n= 7) 46.7% (n= 7) 46.7%
Cause of SCI Motor vehicle accident (n= 9) 60% NA

Fall (n= 2) 13.33% NA
Gunshot (n= 1) 6.66% NA
Lifting heavy objects (n= 1) 6.66% NA
Myelin virus (n= 2) 13.33% NA

SD, standard deviation; NA, not applicable.

Figure 1 Passive pendulum test experiment.
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Figure 2 Pendulum test angular values for one healthy subject and two patients with paraplegic SCI. (A) Typical electrogoniometric
output during pendulum test in a healthy subject. (B, C) Pendulum test angular response for two patients with paraplegia.
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The values of viscosity (B) and stiffness (K ) were
obtained as follows:

B = 2 × ζ × ωn × J K = K ′ −mgl
2

where “J” is the sagittal moment of inertia applied to
the leg-foot complex rotation around the knee axis;
“m” is the leg-foot complex mass; “g” is the gravity
acceleration, and “l” is the leg-foot length from the
knee axis; “θ1” is the peak angle of one cycle; “θ2” is
the peak angle of the following cycle and “T” is the
period of one cycle. To assure reliability of measure-
ments, the same examiner tested all participants.

The data were normalized by dividing the results of
moment of inertia, stiffness, and viscosity by the fifth
power of body stature according to the procedure pre-
viously described by others.7,8

Statistical analysis
Statistical analysis was performed using SPSS version
17.0 (SPSS Inc., Chicago, IL, USA). Multivariate analy-
sis of variance (ANOVA) was used to compare the stiff-
ness, viscosity, and kinematic data assessed during the
pendulum test in healthy subjects and those with para-
plegic SCI. The alpha level was set at 0.05.

Results
The demographic data for two individual groups are dis-
played in Table 1. There was no statistically significant
difference in subjects’ age (P= 0.27), height (P= 0.87),
and weight (P= 0.51) among the two groups. Of the
subjects with SCI, nine were from motor vehicle acci-
dent, two from falls, one from gunshot wounds, one
lifting heavy objects during a parade, and two from
myelin degeneration secondary to, they claim, virus of
unknown origin. Of subjects with paraplegia, eight

were male and seven were female. Of the control
group, eight were male and seven female.

Pendulum test angular values for one control subject
and two subjects with paraplegic SCI as a sample are pre-
sented in Fig. 2. The plots for subjects with SCI showed
that not all persons with SCI respond the same way
during test.However, control subjects responded similarly.

Fig. 3 depicts the mean values of the first three peak
flexion and extension angles (F1, F2, F3, E1, E2, E3)
in subjects with and without SCI.

The results of the multivariate ANOVA for between-
subject effect in tested variables is shown in Table 2.
Descriptive statistics (mean± SD) for some kinematic
data assessed during the pendulum test and comparison
between two groups are presented in Table 3.

There was significant difference in the stiffness
between healthy subjects and those with paraplegic
SCI (P= 0.01) (Table 3). The results indicated that sub-
jects with SCI have significantly greater stiffness com-
pared to able-bodied subjects. However, no significant
difference was found in the viscosity (P= 0.17)
between two groups (Table 3).

Except for F1Amp, all other displacement parameters
exhibited no statistically significant difference between
subjects with and without SCI (Table 3).

Discussion
The passive pendulum test is a biomechanical method
commonly used to measure viscous-elastic parameters
(stiffness, viscosity). It is simple and easy to use, specific
to the knee and influenced by quadriceps and antagon-
istic hamstring (important muscles for functional activi-
ties), and has shown to be reliable.7–11 Several studies
have used this test to evaluate lower limbs spasticity
and hypertonia in persons with neurological dis-
orders.12,15,17–20 The trajectory of the oscillating leg
from passive pendulum test presents a set of kinematic
parameters such as peak angular values, useful to
monitor the changes in the range of knee motion. This
mechanical model is thought to be fairly well suited to
describe the passive characteristics of the knee joint of
both able-bodied subjects and those with paraplegia.21

Passive joint stiffness results from the physical proper-
ties of the muscles that span it. Since muscles are the
only elements of a joint that can actively change their
mechanical property, their role may be to alter the
joint stiffness during a movement so as to optimize the
joint stiffness for a given activity. Thus, stiffness is con-
sidered as a better measure of tissue contribution to
function than more conventional measures of tissue
integrity such as strength and ROM, which have been
shown to be weakly associated to locomotor function.

Figure 3 The mean values of the first three peak flexion and
extension angles (F1, F2, F3, E1, E2, E3) in patients with SCI and
healthy subjects.
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The results of this study showed a difference in the
stiffness between healthy subjects and those with para-
plegic SCI (Table 2). Our data demonstrated a greater
stiffness in patients with SCI compared to the able-
bodied subjects. The kinematic outcome depends on a
combination of forces acting at a joint. Stiffness and vis-
cosity represent the passive resistances provided by
tissues to the angular motion. Paraplegic patients com-
monly suffer from spasticity, which may include clonus
and involuntary movements due to the altered electrical
muscular activity, and altered muscle tone. Similar find-
ings have been reported elsewhere in patients with
spasticity.13–24

Previous studies have demonstrated that increased
resistance to stretch in spastic muscle has both an
active and passive component.15–24 Dietz et al.25 pro-
vided evidence that altered mechanical properties of
muscle may contribute to hypertonia in spastic patients.
Some investigators have demonstrated increased passive
ankle stiffness in spastic patients.26–28 In contrast,
Douglas et al.29 found that in patients with SCI resonant
frequency and muscle stiffness were lower than values in
control non-injured subjects. This controversy could
arise from the fact that different approaches and
samples have been used in the previous studies. With
the use of different designs, testing procedures and
samples, controversial results may be reported. In the
studies conducted by Douglas et al.,29 the subjects

with SCI all had clinically complete stable lesions
between the neurological levels of C5 and T12.
However, in this study, patients were classified as
having incomplete injury (AIS-C) between the neuro-
logical levels of T4–L1. Douglas et al.29 used the
torque-induced motion analysis system to measure
muscle tone, stiffness, and resonant frequency around
the knee while in our study; similar to other recent pre-
vious studies, we used passive pendulum test to assess
viscous-elastic properties. As mentioned, in this
method some anthropometric measures (such as leg-
foot complex mass) and moment of inertia applied to
the leg-foot complex were used to compute the viscosity
and stiffness. Previous studies have shown muscle
atrophy and loss of muscle and bone mass in patients
with SCI.30–32 Because of the dependence of stiffness
and viscosity measurement on the inertial estimates
and considering this issue that individuals with SCI
might have varying degrees of atrophy and this could
affect the measurement of viscous-elastic properties,
the measured stiffness and viscosity can be criticized
and the results should be interpreted with caution.
Change in muscle tone, hyperactive reflexes, and invo-

luntary movements are considered as common signs in
paraplegics. In addition, it has been thought that there
is a transformation of the muscle fibers from slow,
type I to fast, type II in the paraplegic muscles,33–36

which may also contribute to altered tone because

Table 2 Multivariate ANOVA for between-subject effect in tested variables

Variables Type III sum of squares DF Mean square F P value

F1Amp (°) 1055.68 1 1055.68 4.97 0.04
E1Amp (°) 68.43 1 68.43 0.35 0.56
Plateau amplitude (PA) (°) 237.16 1 237.16 1.25 0.28
Relaxation index (RI) 0.40 1 0.40 2.91 0.11
Extension relaxation index (ERI) 0.002 1 0.002 0.03 0.84
Mass segment (kg) 0.40 1 0.40 0.35 0.56
Stiffness (N/rad m4) 221.05 1 221.05 7.63 0.01
Viscosity (Ns/rad m4) 0.002 1 0.002 2.08 0.17

Table 3 Descriptive statistics (mean±SD) for the kinematic data assessed during the pendulum test and comparison between two
groups

Variables Patients with paraplegia and SCI (n=15) Healthy subjects (n=21) P value

Leg-limb length (cm) 42.55± 5.51 42.25± 2.27 0.88
F1Amp (°) 45.30± 17.28 62.42± 3.44 0.04
E1Amp (°) 25.44± 16.05 29.8± 5.69 0.56
Plateau amplitude (PA) (°) 37± 16.09 45.11± 4.53 0.28
Relaxation index (RI) 1.07± 0.19 1.41± 0.01 0.11
Extension relaxation index (ERI) 0.34± 0.23 0.31± 0.07 0.82
Mass segment (kg) 4.18± 1.19 3.84± 0.28 0.56
Stiffness (N/rad m4) 10.56± 6.43 2.72± 0.69 0.01
Viscosity (Ns/rad m4) 0.02± 0.01 0.04± 0.002 0.17

Significant values are shown in bold.
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type II fibers can produce higher tension than slow fiber.
Some investigators have attributed the increased stiff-
ness found in spastic muscle to various factors such as
disturbed attaching and detaching mechanism between
filaments, changes in the moment arms at the joint,
changes in the fascia that held these tissues in place, or
transformations of the musculotendinous units follow-
ing SCI.5 Greater stiffness in patients with SCI might
be due to the increased muscle tone. Lakie et al.37

showed an increased muscle tone in the spastic wrist of
patients with hemiplegia compared to the contralateral
normal wrist. However, hemiplegia arises from cerebral
injury and not spinal lesion as in paraplegia in patients
with SCI. Some investigators attributed increased stiff-
ness and passive resistance to the relative immobiliz-
ation due to poor physical condition.38 It is also
thought that passive stiffness is used to prevent injuries
and to stabilize motion.39 It has been hypothesized
that increases in joint stiffness aid individuals with SCI
in their ability to resist an external disturbance. The
increase in the joint stiffness required patients with
SCI to expend more energy.

Considering muscle dysfunction in the patients with
SCI with paraplegia, greater stiffness in patients with
SCI seems reasonable.

The analysis of oscillating limb during passive pendu-
lum test also indicated that the amplitudes of the first
flexion movement (F1 Amp) were significantly reduced
in the paraplegic patients. The reduction in knee angle
ROM in patients with SCI during the first cycle
depended on the increasing of stiffness. Considering
muscle spasticity and hyper-activity in SCI, contracture
represents a muscle adaptation in which the muscle
increases passive stiffness such that ROM around a
joint is limited. Thus, the persons with SCI are suscep-
tible to the tightness and shortening of ligaments, stif-
fening of joint capsules, and limited joint ROM.

Considering the greater stiffness in subjects with SCI
could be useful for clinicians to design the rehabilitation
programs and to follow-up the effects of the interven-
tions and rehabilitation programs. Lack of movement
and decreased ROM are commonly associated with
the stiffness and passive movements should be com-
monly performed by physical therapists to decrease
muscles or joints stiffness. Furthermore, functional elec-
trical stimulation has been widely used for muscular
training in individuals with SCI. Modeling of the mus-
culoskeletal system is used to facilitate the design of
stimulation patterns that will produce the desired force
and motion. Therefore, considering the greater stiffness
in subjects with SCI could be useful for accurate model-
ing to design the stimulation patterns.

Although our data revealed significantly greater stiff-
ness in subjects with SCI compared to normal subjects,
no significant difference was found in the viscosity.
Another study has shown change in stiffness and no
difference in viscosity or damping characteristics
between healthy subjects and those with different pathol-
ogies.9 Muscle activity has been more associated to
changes in joint stiffness than viscosity.8 Stiffness of the
ankle joint complex was shown to increase with increased
contractions of the surrounding musculature with little or
no change in the damping characteristic and viscosity.40

The total resistance produced by joint tissues may also
depend on viscosity that is related to the frictional force
between adjacent layers of tissues. We found no signifi-
cant change of viscosity in paraplegic patients relative
to healthy subjects. Thus, SCI would affect the overall
ability to resist deformation of articular and periarticular
tissues, with no significant contribution by resistance
yielded by the friction between adjacent layers.

Limitations
However, we acknowledge several limitations.
Electromyography (EMG) is needed to assess the mus-
cular activity during the test. In this study, EMG and
reflex loop time were not assessed. Further research is
indicated to collectively investigate the EMG activity
of the muscles and kinematic parameters in paraplegic
patients compared with the healthy subjects.

Another area of concern in our study is reliability
assessment. Although the reliability of the pendulum
test has been previously established and has shown to
be reliable, we did not assess the reliability in our study.

More clinical studies are needed to determine the
therapeutic effect of different treatment methods or
rehabilitation programs on stiffness or viscosity in
patients with paraplegic SCI.

Conclusion
The results of this study indicated greater stiffness in
patients with SCI with paraplegia compared with able-
bodied subjects. Therefore, testing and estimation of
the joint stiffness seems important for modeling and
control of knee joint of patients with paraplegia and pre-
scribing effective treatment strategy for patients with
paraplegia due to SCI.
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