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INTRODUCTION

The knee joint consists of articulations between the femur and 
tibia (tibiofemoral joint) including medial and lateral meniscus, 
and the femur and patella (patellofemoral joint). The tibiofemoral 
joint allows flexion, extension, and some medial and lateral rota-
tion. The patellofemoral joint allows the patella to glide over the 
distal femur. Both articulations are within a common joint cap-
sule. The stability of the knee joint depends on the surrounding 
muscles and their tendons (musculus [m.] quadriceps femoris, m. 
semimembranosus, m. semitendinosus, m. biceps femoris, and m. 
gastrocnemius) and on the extra and intracapsular ligaments. The 
extracapsular ligaments support the capsule on all four sides and 
include the patellar ligament with medial and lateral retinaculum 
on the anterior side, oblique and arcuate popliteal ligaments on 
the posterior side, and medial and lateral collateral ligaments. The 
patellar ligament and retinacula stabilize the patella, oblique and 
arcuate popliteal ligaments reinforce the joint capsule, and medial 
and lateral collateral ligaments stabilize the knee in extension and 
resist valgus and varus forces, respectively. The strong intracapsu-
lar anterior and posterior cruciate ligaments prevent forward and 
backward displacement of the tibia.

The joint resistance to movement is due to the cartilage 
properties and shapes of the contacting articular surfaces [1]. 
Ligaments, joint capsules, as well as muscles contain fibrous 
connective tissue that generates resistive forces when stretched. 
Displacement of a joint is immediately resisted by the forces pro-
duced within and over the joint. Physiologic changes that occur 
during a lifespan depend primarily on biophysical characteristics 
of fibrous connective tissue [2,3]. These factors include age [3-5], 
sex [4-7], muscle mass [6], muscle strength [8], hereditary con-
nective tissue disease [4], circadian rhythm [9,10], temperature 
of joint [4,9], joint torque [11-13], joint position sense  [5,13], 
contraction and co-contraction of muscle groups  [14-17], and 
local [4,18] and systemic pathological changes [4,19-21].

The loss of elasticity in soft-tissue matrices increases mus-
cle and joint stiffness with increased amounts of fibrous con-
nective tissue [22]. All the structures located within and over 
the joint (muscles, tendons, skin, subcutaneous tissue, fascia, 
ligaments, joint capsule, and cartilage) contribute to joint 
stiffness [23-25]. Biomechanically, joint stiffness is regarded 
as the passive tissue property. It describes how external forces 
applied to the skeletal system are absorbed or transmitted by 
the articular tissues [26,27]. From a technical point of view, the 
stiffness is determined in terms of friction, elasticity, viscosity, 
inertia, and plasticity [4,23-25].

The pendulum test is a method applied to measure pas-
sive properties of the knee. In the pendulum test, the leg is 
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dropped from an extended position under the influence of 
gravitation and then allowed to damp oscillate [28,29]. The 
pendulum test can be performed with no special equipment. 
The oscillatory movements of the lower leg can be recorded 
with electrogoniometers [20], uniplanar video-based meth-
ods, three-dimensional (3D) motion analysis systems, ultra-
sonic 3D position recording device [30], and isokinetic 
dynamometer [31]. However, all of these methods have some 
disadvantages. For example, video recording equipment is 
expensive and time-consuming. The isokinetic dynamom-
eter can limit excessive knee flexion. The electrogoniometer 
attached directly to the knee joint can produce varying results 
because of spatial twist [32].

In this study, we developed a new instrumentation for 
the pendulum test, which overcomes the disadvantages of 
the other methods. Our goal was to determine the contribu-
tions of peri and intraarticular soft tissues of the knee to the 
passive knee stiffness and viscosity. Namely, the stiffness and 
viscosity represent passive resistance to joint motion, which 
is associated with the properties of the knee joint tissue, mus-
cles, and tendons. According to our results, the pendulum test 
(Figure 1) can be a practical tool in measuring changes within 
the knee joint.

MATERIALS AND METHODS

The pendulum test was repeatedly performed on female 
cadaver knees (age of 73  years). The cadaver was frozen at 
−18°C. The thawing took place one day before the experiment. 
Pre-freezing and thawing should not influence the mechan-
ical characteristics of soft tissue, which was confirmed in 
animals [33] and later on human ligaments and muscular ten-
dons [34]. The infra-red (IR) markers were attached to the leg 
by adhesive tape (Figure 2). The peri and intraarticular soft tis-
sue was gradually removed between test repetitions. The step-
by-step removal of the tissue is described in Table 1.

Data collection

The data were collected by a machine vision system able 
to grab, analyze, and save images from a fast 1 MB comple-
mentary metal-oxide-semiconductor camera (75 fps, global 
shutter) in real time. The cadaver leg was equipped with 6 
passive IR markers, spherically shaped, reflecting the incom-
ing IR light back to its source. The IR light came from bright 
IR light emitting diodes with maximum emission at 850 nm, 
positioned on a ring around the camera lenses equipped 
with IR filter with 780  nm cut-on frequency. The IR mark-
ers were divided into two groups of three: Above (thigh) 
and below the knee (lower leg), each forming a virtual line. 
During the pendulum test, an angle between the two virtual 

lines was traced versus the time, reflecting the lower limb 
oscillation (Figure 2).

Pendulum test

The pendulum test consisted of the following steps: (1) grab 
sequence, (2) an image processing sequence, (3) saving results 
to disk, and (4) result analysis.

Just before the test, the leg was held in a near-horizontal 
position for a few moments to assure the starting angle was 
near 180°. In this phase, the visibility and position of the IR 
markers were checked on a computer monitor. Then, the 
camera image grabbing was started and the leg was released. 
During the period of the oscillation of the leg (approximately 
up to 15  seconds) full frame images obtained with the cam-
era were stored in the computer memory, with frequency of 
15 frames per second (fps). The frame rate was adjustable but 
limited with memory (higher frame rate requires more mem-
ory). The frame rate of 15 fps resulted in over 200 images as 

FIGURE 1. Schematic presentation of a pendulum test. The mark-
ers are attached to a thigh and to a lower leg in a way they form 
two virtual lines (123 and 456). During the oscillation of the lower 
leg, the angle between these lines is traced versus time.

FIGURE 2. Cadaveric left leg with attached infrared markers. Parts 
of the knee tissue had already been removed.
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well as angle values, per one test. This amount of data was 
sufficient for the purpose of the study. Next, in the image pro-
cessing phase, each image was analyzed in the following way. 
First, a binary threshold was applied to the filtered IR image 
resulting in a pure binary image. This simple and quick pro-
cedure was sufficient due to the use of IR filter blocking of the 
visible light reflections. Then, the blob detection was applied 
using the OpenCV library (opencv.org) followed by filtering 
out of very small and very big blobs with areas significantly 
deviating from the average blob area. This step was required 
due to occasional IR reflections from the background metallic 
parts. For each blob, its center of mass was calculated and then 
used to represent the whole blob. Because we need at least 
two points to define a line, the number of the remaining blobs 
must have been at least 4 out of 6. If this was not the case, the 
procedure was stopped and the next image was considered. 
There are several reasons why not all markers are present in 
all images, among which a temporal occlusion is the most 
frequent one. When the number of detected markers was <6, 
several possible scenarios were available (Table 2).

In the case of N = 6 the combination 3-3 was assumed, 
relying on a successful removal of the artefacts in the previ-
ous steps. If N = 5, the following algorithm was implemented 
to separate the blob centers belonging to each line. First, the 
blob centers were sorted by their v (vertical) coordinate and 
then regarding the number of detected blobs each combi-
nation from Table 2 was tested using least-square line fitting 
algorithm through blob centers and comparing the correlation 
coefficients r,
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and x  and y  are mean x and y values, respectively.
The combination having a larger sum of correlation coeffi-

cients was considered as the correct one. This procedure may 
give wrong results when the blobs are collinear (stretched 
knee), but this does not affect the calculated angle (Figure 3) 
between the lines, which in this case is near 180°. For N = 4, 
we first checked if the last two possibilities (3-1 and 1-3) exist 
(Table 2). They are irregular since the line cannot be defined 
by a single point. The line was fitted first through the first three 
blobs and then through the last three blobs. If both r were very 
close to 1, the blobs were collinear with α = 180°. If one r was 
close to 1 and the other was not, the procedure advanced to 
the next image. Only if both r were not close to 1 then a com-
bination 2-2 was assumed and the lines were fitted accord-
ingly. For each image, the traced knee angle was saved to a file 
together with the precise time when the image was grabbed 
from the camera. Then, the damped oscillation equation was 
applied to these data (Equation 5),

y(t) = A0 + Ae−βtcos(ωt + δ), (5)
where, A0 and A are the constants, β is the damping factor, 

ω is angular frequency, and δ is a phase angle.

TABLE 1. Gradual removal of knee tissue

Step Left knee Right knee
1 Removal of the skin and fatty tissue on the anterior and lateral sides 

of the knee, between the femoral and tibial condyles.
Removal of the skin and fatty tissue on the anterior and lateral sides of the 
knee, between the femoral and tibial condyles.

2 Removal of the skin and fatty tissue on the posterior side of the 
knee, between the femoral and tibial condyles.

Removal of the skin and fatty tissue on the posterior side of the knee, 
between the femoral and tibial condyles.

3 Removal of the medial collateral ligament. Cutting of the patellar ligament.
4 Removal of the lateral collateral ligament. Cutting of the tensor fasciae latae and iliotibial tract; removing of the patellar 

ligament with patella.
5 Cutting of the patellar ligament. Cutting of the anterior cruciate ligament.
6 Cutting of the semimembranosus, semitendinosus, and biceps 

femoris muscles.
Cutting of the posterior cruciate ligament.

7 Cutting of the tensor fasciae latae and iliotibial tract; removing of 
the patellar ligament with patella.

Cutting of the semimembranosus, semitendinosus, and biceps femoris 
muscles - the only structures connecting the thigh and leg remained were the 
medial and lateral collateral ligaments.

8 Cutting of the anterior cruciate ligament – the only structure 
connecting the thigh and leg remained was the posterior cruciate 
ligament.

TABLE  2. Number of detected blobs and their possible 
association with each line segment. Each line segment is defined 
by maximum 3 blobs

N Segment 1 Segment 2
6 3 3
5 3 2
5 2 3
4 2 2
4 3 1
4 1 3
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From the measured kinematics, we obtained the knee 
angle as a function of time from which the damping ratio ζ 
and the angular frequency ω can be determined. The viscosity 
B and the stiffness K are obtained from [30,35],

B = 2ζωJ (6)

K K
mgl

= −’ ,
2  (7)

where, J is the moment of inertia, l is the distance between 
the leg-foot center of gravity and the knee axis, m is the mass 
of the leg and K’=J ω2. The mass of the leg was measured and 
the moment of inertia was estimated.

RESULTS

Figure 4 shows the time dependence of the knee angle for 
two different cases. In the beginning (t = 0), the amplitude was 
approximately 170°, which corresponded to near full exten-
sion. The frequency of the oscillation was approximately 1 s−1. 
Removing tissue parts of the knee slightly decreased the fre-
quency. The amplitude of pendulum oscillations decreased 
exponentially with time, meaning that the oscillation was 
damped. A heavily damped oscillating motion was observed 
for the intact knee, whereas the knee with removed muscles 
showed quasi-ideal oscillation with very weak damping.

The kinematic data of the leg oscillations were used to 
determine the knee stiffness and viscosity (Equations 6 and 7). 
With the following equation, relative changes in the viscosity 
were determined:

H
B B
BB
i

0
=

− 0

 (8)
where, Bi is the viscosity in the i-th step. The changes in the 

stiffness were defined similarly.
Figure 5 shows the relative changes in the stiffness and vis-

cosity as a function of gradual tissue removal. For each removal 
step, we made two to three measurements from which we 
determined the stiffness and viscosity. For the intact left knee, 
the stiffness was 1.4 kg m2/s2 and viscosity was 0.023 kg m2/s, 
whereas for the intact right knee the stiffness was 0.85 kg m2/s2 
and viscosity was 0.023 kg m2/s.

The step-by-step removal of the tissue was different for 
the left and right knee (Table 1). This is the main reason why 
changes in the rigidity and viscosity as a function of the tis-
sue removal were different between the two legs. As shown 
in Figure 5, the largest drop in the rigidity and viscosity for the 
right leg occurred in the fourth removal step, where the viscos-
ity dropped by 0.008 kg m2/s and stiffness by 1.357 kg m2/s2. In 
the fourth, fifth, and sixth removal steps, the viscosity remained 
0.015 kg m2/s for the right knee. The largest drop in the rigidity 
was in the fifth step, by 0.568 kg m2/s2. Correspondingly, the 
viscosity dropped by 0.008 kg m2/s. The largest discrepancy 

in the viscosity and stiffness between the left and right knee 
was observed between the third and fourth step. Namely, in 
this transition step, in the right knee, the patella and patellar 
ligament were entirely removed, whereas in the left knee, the 
patellar ligament was cut, but not removed.

Overall, different relative changes in the viscosity and stiff-
ness were observed at different steps of gradual tissue removal, 
meaning that each tissue layer contributed differently to these 
changes (Figure 5). For example, the skin made a contribution 
of 10% to the joint damping. The ligaments contributed 20%, 
whereas the contribution of tendons was 40%.

DISCUSSION

In this case study, we performed a pendulum test and 
determined how gradual removal of the soft tissue structures 
affects the knee stiffness and viscosity. Our results showed 
that the tissue removal has a large impact on the leg oscillation. 
As shown in Figure 4, the oscillation of the leg with the intact 

FIGURE 3. In a digital image, the infrared (IR) markers attached 
to a thigh and lower leg are represented by the two virtual lines 
intersecting at the angle a. 

FIGURE 4. The knee angle as a function of time in two different 
cases. The full line corresponds to the intact knee, whereas the 
dashed line corresponds to the knee with all muscles removed.
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knee was heavily damped whereas the oscillation of the knee 
with all muscles removed was very close to an ideal pendulum 
(i.e., not damped). The knee stiffness and viscosity decreased 
with the increasing rate of tissue removal (Figure 5). However, 
it should be emphasized that our results were obtained for 
only one human cadaver and they rather show a hypothetical 
performance of the pendulum test.

Our measurement results for the viscosity and stiffness of 
the intact knee are in a qualitative agreement with previous 
measurements made by Lin and Rymer [36]. The removal of 
tissue around the joint reduced the damping of leg oscilla-
tion and therefore the stiffness and viscosity decreased. The 
removal of tissue changed the spring and contractile elements 
of the muscle (Figure 6). Namely, the springs with stiffness Ki 
represent the elastic part, whereas damping (contractile) ele-
ments with the friction coefficient Bi represent the viscous 
part. The step-by-step tissue removal is described in Table 1. 
The contribution of a particular knee element to the viscos-
ity and stiffness can be seen from the results given in Figure 5. 
For example, the removal of the patellar ligament and patella 
corresponded to a change in the viscosity by 0.008 kg m2/s2 
and to a change in the stiffness by 1.4 kg m2/s. Based on these 
findings, we can also estimate the contribution of the patellar 
ligament and patella to the viscosity and stiffness.

Our study results could be useful in orthotics and pros-
thetics, because currently, the primary measurement sys-
tem is based on a gait analysis of the whole-body move-
ments, and not on the analysis of individual body parts. For 
instance, in the field of technical aids, the pendulum test 
could be used for measuring the passive motion of the knee 
joint to determine the rigidity when various aids are placed 

FIGURE 6. Schematic representation of a simple muscle model 
with spring and damping (contractile) elements. K

i
 is the spring 

constant of the i-th element, whereas B
i
 is the friction coefficient 

of the i-th element.

FIGURE 5. (A and B) Relative changes in knee stiffness and viscosity as a function of different tissue removal steps. Right leg (top) and 
left leg (bottom). In each removal step, different part of the knee tissue was removed.

B

A
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around the joint. In general, orthoses are used to support or 
correct deformed body parts as well as to prevent injuries 
and improve the function of movable body parts [37]. In 
orthotics, there are numerous aids, i.e., orthoses that can be 
placed around the knee joint following the accepted ther-
apeutic guidelines. They can be made of various materials, 
including steel, aluminum, titanium, carbon fibers, plastic, 
neoprene, canvas, and various composite materials. Some 
also include joints with different mechanical characteris-
tics. Single-axis joints enable a simple way of permitting 
motion at the knee during gait. However, the anatomical 
knee joint possesses a moving axis of rotation which we 
cannot track with a single-axis joint (in orthotics). Thus, 
for active patients, polycentric knee joints provide a bet-
ter approximation of natural knee motion and a better fit 
at all points in the knee flexion range [38]. In general, it 
would be beneficial to establish the impact of orthotic aids 
on the swing in relation to different parameters (i.e., mate-
rials, joints, the level of aid and weight) and to define 
restrictions and improvements in the movement capabil-
ity, using healthy patients as a reference. Ultimately, these 
information would help in determining the right orthotic 
treatment.

Below-knee prosthetics covers different amputation lev-
els of the tibia, achieved with techniques that are based on 
different muscle cuts [39]. Each type of amputation has an 
individual impact on the movement in the knee joint and 
depends on the length of the muscle that was cut or on a 
group of muscles.

Prosthesis is an aid that functionally and esthetically 
replaces the amputated limb or a part of it. The part of the 
prosthesis directly connected to the patient’s body is called 
a socket. It ensures optimal grip and enables the transfer of 
force to the other parts of the prosthesis, with the aim of 
replacing the function of the amputated limb. The sockets are 
made by various methods and from various materials. The 
components vary and depend on the individual needs of a 
patient [40]. In the case of transtibial amputation, it would 
be beneficial to apply the pendulum test at various levels of 
amputation without the prosthesis, to define the impact of 
different kinds of amputation on the function of the knee 
joint. The same measurement would also be helpful in differ-
ent types of below-knee prosthetics, to determine the impact 
of various types of sockets, components, and materials on 
lower leg swing.

In the first half of the 20th century, metal refining enabled 
the production of different materials which were introduced 
in bone and joint surgery for internal use, especially in frac-
ture fixation [41]. Further developments in metal processing 
and refining gradually led to the production of improved 
alloy material. According to the composition, these materials 

can be grouped into three alloy systems: The austenitic stain-
less steels (iron, chromium, and molybdenum), cobalt-chro-
mium alloys, and titanium alloys [42]. More recently, dif-
ferent types of ceramics have been introduced, i.e., calcium 
phosphates, which were synthesized exclusively for the use 
in orthopedic surgery, and poly(methyl methacrylate), also 
known as acrylic cement [43]. At present, a large number 
of composite materials are utilized for internal application, 
and the use of these materials must comply with the rele-
vant requirements and standards [44]. Over the last decade, 
a significant breakthrough was achieved in the field of tis-
sue engineering, which offers a wide range of opportunities 
for the use of tissue materials [45]. Regenerative medicine 
enables regeneration, maintenance, and improvement of 
the function of damaged tissue. In tissue engineering, three 
different approaches have been adopted: (A) injection of 
functional and stem cells into damaged tissue, (B) the use 
of various synthetic or natural materials which help in the 
reconstruction of damaged tissue, and (C) the use of scaf-
folds with implanted tissue-specific cells. These artificial 
structures are capable of supporting 3D tissue formation and 
promoting survival and growth [46].

Advancements in these areas enable the fixation of joints 
as well as production of various artificial joint replacements, 
surrounding tissues, and bone parts. The use of composite 
and biological materials opens up new possibilities in this 
field and the impact of various materials on kinematics of 
joints should be investigated. In addition, the focus should 
be on the correlation between natural and biological mate-
rials implanted in joints or the surrounding tissues. The cor-
relation could be tested by comparing the performance of a 
healthy joint and a joint with implanted artificial materials. 
Suggestions for further research also include the impact of 
various surgical procedures or treatment methods on pendu-
lum test results.

CONCLUSION

In this study, we used a new pendulum test to measure 
knee motion on one human cadaver. It is important to empha-
size here that this case study can only be used to illustrate the 
idea. New instrumentation for the pendulum test was devel-
oped, and passive stiffness and viscosity were determined 
using human cadaver limbs. Our results showed that removal 
of the knee tissue reduced the damping of leg oscillation. The 
removal of the tissue had a large impact on the knee viscosity 
and stiffness.
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