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proach for an in vitro investigation of some aspects of dynamic
through the human knee joint is presented. Essentially, the
behavior of the joint was analyzed by measuring theresponses to low level random

excitation of the tibia while the femur was clamped. A global equilibrium position of
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the joint was attained by exerting static forces on the tibia via three tendinous muscle
attachments. The responses to the applied dynamic loads were measured using a
multi-channel dynamic measuring system and quantified by means of transfer func-

tion analysis techniques. Some preliminary experimental results are presented to il-

lustrate the effects of variation of the direction and the magnitude of the applied
dynamic and static loads.

1 Introduction

Dynamic loading of the human knee jointisa frequently oc-
curring event in many human activities. For example, during
walking pulse-like loads are exerted on the foot resulting in
shock waves of accelerations (deformations) that are transmit-
ted through the tarsal bones, the lower and upper ankle joint,
and the tibia before reaching the knee joint 11, [2]. It has been
observed that the knee joint plays an important role in this
transmission of dynamic loads by actingasa kind of shock ab-
sorber, thus reducing the amplitudes of the loads to be
transmitted. Voloshin and Wosk (3} studied this phenomenon
by defining an afténuation factor which is the quotient of the
maximum amplitudes of the accelerations measured on the
tibia and the femur during walking. They showed this attenua-
tion factor could reach values of 1.5. This attenuation factor
gives only a global indication of the behavior of the knee joint;
for example, nO information is obtained about the frequency
contents of and phase shift between the measured signals.

In this context it must be realized that the human knee is 2
very complicated joint. First, due to its highly incongruent
load bearing areas, additional elements like the menisci,
ligaments, capsule, and muscles must play an important role
in the maintenance of its required stability.- Secondly, they
may also influence the transmission of dynamic loads. Apart
from the fact that muscles themselves may act as shock ab-
sorbers, Markolf [4] has demonstrated that muscular activity
can result in considerable stiffening of the knee joint.

Furthermore, nonlinear relationships between loads exerted
and loads transmitted may be expected. The reasons for this
are that, both in experimental and theoretical investigations,
the knee joint shows a strongly nonlinear behavior under static
loads [5-8]. It has also been observed that various parts of the
joint have (strongly) nonlinear, time-dependent material
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properties (91, 110D)- Therefore, the use of linear-systems
theories (e.8. rigid mass-linear spring-linear dashpot models)
[11] or models in which the elasticity of joint elements such as
menisci and cartilage layers is not taken into account [12], is
likely to be inadequate to describe the dynamic behavior of the
human knee joint under physiologica.l loading.

In this paper a8 method and the resulting experimental equip-
ment are presented for in vitro investigations of the behavior
of the human knee joint under controlled dynamic loading. To
illustrate the form in which data become available and to in-
dicate the kinds of phenomena observed, some results ob-
tained from a series of preliminary experiments for one knee
joint specimen are given.

This work constitutes the first stage of a long-term research
project that was started to obtain more insight into the
dynamic behavior of the human knee joint and to assess the
possible importance of the factors discussed above. The
ultimate goal of the project is the development of an ex-
perimentally validated theoretical model which has parameters
that can be interpreted in terms of the properties and functions
of joint elements and the interactions petween elements.

The resulting model may provide new starting points for the
optimization of diagnostic methods and tools (the identifica-
tion of critical parts of dynamically loaded ligaments and cap-
sule) as well as for the evaluation of treatments of the joint for
disease and trauma (e.g., the consequences of meniscectomy
or the loss and repair of ligaments). Moreover, the model is
expected to be a useful tool for investigations of the influence
of knee endoprostheses on the dynamic behavior of the joint.

5.1 Material and Methods. Due to the complexity men-
tioned in the introduction and the fact that, to our knowledge,
little fundamental research has been done on the transmission
of dynamic loads through the knee joint, it seemed sensibie to
start with an exploratory experimental investigation of the
mechanical characteristics of the human knee joint under
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Fig. 1 Schematic view of a joint specimen clamped at the femur and
loaded with a dynamic force F(#) at the tibia while static tensile forces
Fa, Fp and F, are acting at the tendinous muscle attachments

Fig. 2 Definition of coordinate systems, reaction forces and torques

dynamic loading. For ethical and technical reasons these ex-
periments will be done on human knee joint specimens in
vitro. In vitro experiments also allow for the development of
suitable experimental procedures to measure relevant quan-
tities inside and outside the knee joint under controlled
dynamic loading.

This paper describes the experimental study of one knee
specimen. The human knee joint specimen used consisted of
the distal part of the femur and the proximal part of the tibia,
each approximately 20 cm long, with a limited number of ten-
dinous muscle attachments preserved but with muscular tissue
entirely removed. Joint elements such as the capsule,
ligaments, articular cartilage layers, menisci, and patella were
preserved. The specimen was rigidly clamped at the femur
Fen - s

Static forces F,, F, and F, were exerted on the tendons of
the following muscles: rectus femoris, biceps femoris, and sar-
torius. These static loads were not meant to simulate muscular
activity, but were merely a technical solution for both creating
a stable, global equilibrium position of the tibia in space and
for exerting a (compressive) static preload on the knee joint
that could influence its dynamic behavior. In this way an
equilibrium position was created with as few as possible (3)
forces without imposing kinematic constraints other than
those originating from interaction of the articular surfaces and
ligamentous structures.

The static equilibrium position can be described by means
of two Cartesian coordinate systems (Fig. 2). Coordinate
system (X, Y, Zj) is rigidly attached to the femur with its
origin on the longitudinal axis of cylinder (F) and in the center
of the top plane of this cylinder, such that the Z-axis coin-
cides with the longitudinal axis of the cylinder and is approx-
imately parallel to the longitudinal axis of the shaft of the
femur. The positive Y direction is opposite to gravity such
that the Y;— Z; plane approximately coincides with the sagit-
tal plane of the femur. The coordinate system (X, Y,, Z,) is
rigidly attached to the tibia with its origin on the longitudinal
axis of cylinder (P) and in the center of the bottom plane of
this cylinder, such that the Z,-axis coincides with the
longitudinal axis of this cylinder and is approximately parallel
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Fig. 3 Overview of the experimental setup

Fig. 4 Knee joint specimen mounted in the experimental setup

to the longitudinal axis of the shaft of the tibia. In full exten-
sion the Y, and Y, axes are chosen to be parallel.

Relatively small dynamic loads were exerted on the distal
part of the tibia such that only small displacements of the tibia
relative to the femur occurred. To obtain information on the
frequency content of these loads, the accelerations measured
by Voloshin ([1], [3]) were analyzed by means of Fast Fourier
Transformation (FFT) resulting in the indication that the fre-
quency interval of interest ranges from 0 to 100 Hz. This range
is larger than the range of 0.5-10 Hz covered in the impédarice
measurements of Crowninshield et al. [11] but is consistent
with the results obtained by Antonsson [2], concerning the fre-
quency content of the ground reaction forces on the foot dur-
ing walking. With the assumption that the knee joint behaves
as an instantaneous linear system under the conditions men-
tioned (small dynamic loads, small displacements), it was
decided to use bandwidth-limited random white noise in the
range 0 to 100 Hz for the small dynamic loads applied to the
tibia.

Correlations between the responses of the joint (e.g., ac-
celerations of the tibia and reaction forces and torques at the
clamped side of the femur) and the applied loads were for-
mulated in terms of transfer functions [13]. These transfer
functions provided a means to validate the assumption of
linearity.

2.2 Description of the Experimental Setup. An overview
of our experimental setup is given in Fig. 3. A rectangular con-
crete block (A) (widthX length X height=0.8Xx1.6x1.0 m)
with a steel plate (B) rigidly attached to its upper plane con-
stitutes the basis of the setup. A rectangular steel block (C)
(25 X 25 % 30 cm) is welded to one of the short sides of the steel
plate and a grate (M) with eight vertical slots is welded to the.
other. A clamping flange (E) is mounted on a three-
dimensional platform (G) and this unit is attached to block ©
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Fig. 5 Top-view of a clamp connecting a bracing wire and a tendon

(see Figs. 3 and 4). The three-dimensional force-platform was
developed in cooperation with Kistler AG, and consists of

three, three-dimensional piezo-electric load cells (Kistler 9251)
mounted, under a preload of 9 kN, between two circular
plates. Experimental analyses have shown the dynamic stiff-
ness of this portion of the apparatus to be higher than 10°
N/m within the frequency range of 0-100 Hz.

The proximal part of the femur (D) is fixed in a stainless
steel cylinder (F) with the use of a rapidly curing polymer
(Fastacryl). The cylinder is subsequently mounted into the
clamping flange (E). Static forces on the tendons, described in
the previous section, are generated with the use of three brac-
ing wires (K) (length 1.5 m, diameter 1 mm) which are at-
tached to the tendons by means of self-tightening, slip-free
clamps (H) (Figs. 4 and 5). Each clamp weighs 26 g and is
capable of transmitting forces up to. 1500 N. The wires pass
through holes in the flange (B), force-platform (G), and block
(C), and are connected to a stud-and-nut combination (N),
placed in one of the slots of grate (M) (Fig. 6): A desired ten-
sile force in the wire is generated by turning the nut and can be
measured with strain gages glued to the stud. The dimensions
of the wires were chosen to attain a stiffness as low as 10° N/m
and a loading capacity of 2000 N. Because of this low stiff-
ness, possible force fluctuations in the wires resulting from
small length variations diiring dynamic excitation of the tibia,
are kept as small as possible.

The distal part of the tibia is fixed into a stainless steel
cylinder (P) to which an electro-mechanical shaker (Q) (Ling
Dynamics; model 403) can be attached in an arbitrary direc-
tion by means of a flexible hose (R). This hose prevents the
knee joint from being kinematically constrained by the shaker
and eliminates undesired force inputs induced by low-
frequency, environmental vibrations. Applied forces can be
measured by a piezo-electric force transducer (S) (Kistler
9301A) which is mounted between the hose and the cylinder
(P) and vibrations of the tibia can be measured with an ac-
celerometer (T) (Briiel and Kjaer 4367) attached to the
cylinder (P). The lowest resonance frequency of the test ap-
paratus is 124 Hz which is sufficiently greater than the

resonance frequencies of the joint specimens (see Section 3).

2.3 Measuremeni-Control and Processing System. A
measurement-control and processing system was developed
that consists of an IBM PC/XT personal computer equipped
with a laboratory interface (TECMAR Labmaster). To supply
the dynamic input force acting on the tibia, this system
generates a random signal with adjustable frequency content.
Furthermore, it enables the measurement of up to 16 analog
signals and the storage of the sampled data. Before being
digitized, all measured analog signals are properly filtered
(low-pass; 48dB/octave) by means of a 16 channel filter-unit
specially developed for this purpose. Data acquisition is done
under software control at a rate of at most 600 Hz for all 16
channels. To ensure simultaneous measurement of all 16 chan-

Journal of Biomechanical Engineering

Fig. 6 Preload adjustment device

nels, use is made of 16 sample-hold circuits and a multiplexer.
Analog signals to control these sample-hold circuits and the
cutoff frequency of the analog filters are generated under soft-
ware control. To produce the desired transfer functions, soft-
ware has been developed based on Fast Fourier Transform
techniques and Transfer Function Analysis (TFA) [13].

Using this data acquisition system the dynamic input force
F(£), accelerations on the tibia, reaction forces F,, F,, F, and
reaction torques Ty, Ty, T, were measured with a sampling
rate of 300 Hz during 68 seconds. Using a 1024-point FET the
digital signals were subsequently used in an unweighted
averaging process to obtain power spectra and transfer func-
tions between two arbitrary signals in 512 points in the fre-
quency domain in the range from 0 to 150 Hz. However, due
to the use of piezo-electric transducers and analog anti-
aliasing filters the considered frequency range is limited from
5 to 100 Hz.

2.4 Description of Preliminary Experiments. Using the
experimental setup described in Section 2.2, experiments wWere
carried out on a knee joint specimen (36 year old male, right
knee overall length 40 cm) which had been freshly frozen. The
experiments were done over a period of two days. During the

experiments, the joint was continuously moistened with water

to minimize changes in the material properties of the joint
clements diie to desiccation. The static equilibrium position of
the joint was controlled by means of the static preload in the
three bracing wires. ’ '

The direction of the static loads applied to the joint can be
expected to be constant (due to the length of the bracing wires)
and is almost parallel to the Z-axis. Although different com-
binations of static preloads were used, it was possible to keep
the flexion angle of the joint at about 20 deg, where the flexion
angle is defined as the angle between the Z,-axis and its projec-
tion on the Y~Z; plane. When changing the static preload,
joint movements from a chosen initial equilibrium position
were kept as small as possible.

The level of the dynamic input force acting on the tibia, the
amount of static preload, and the direction of the dynamic
loads applied to the tibia were varied.

Zero-mean, bandwidth-limited white noise containing fre-
quencies between 0 and 100 Hz was chosen for the dynamic in-
put force. This dynamic force was applied in directions coin-
ciding with the X;, ¥, and Z,-axis, respectively.

3 Results

Figure 7 shows the effect of variation of the static preload
upon the transfer function between displacements in Y, direc-
tion and the dynamic-load F(#) applied in this direction. As
for all other experiments, the relevant frequency range was
found to be from 5 to 55 Hz. The dynamic behavior was
observed to markedly dependent on the level of the static
preload: increase of the static preload yields an increase of the
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Fig. 7(a) Effect of static preload magnitude on the magnitude of the
transfer function between displacements in Y, direction and dynamic

force applied in Y;. direction.
Static preload: ____ IF;1=40 N, I[Fq!=80N, IFp1 =60 N;
----110 N, 217 N, 185 N;
.... 224N, 396 N, 244 N.
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Fig. 7(b) Phase plot corresponding to Fig. 7(a)

dynamic stiffness. This seems to be consistent with the ex-
perimental results of Markolf [4]. Similar results were ob-
tained for the transfer functions between displacements and
loads applied in X, and Z; direction.
This dependence on the static preload was also found for
the reaction forces and torques at the clamped side of the
_femur (Fig. 8). Since the joint was seen to show clearly
nonlinear dynamic properties, it had to be shown that the level
of the dynamic input force was small enough to allow for the
application of transfer function analysis for the description of
the behavior of the locally linearized system. Hence, the
dynamic input force was varied at three levels characterized by
their mean square value (MSV). For the three levels con-
sidered, no significant changes in the transfer functions were
found. This is illustrated in Fig. 9 for excitation in Z,-direction
where the mean square value was subsequently set at 1.8, 20.1,
and 87.7 N2. Furthermore, in all experiments the values of the
coherence function for the transfer functions were between
0.95 and 1, leading to the conclusion that under constant static
preload, application of transfer function analysis is allowed.
Another concern was the reproducibility of the results.
Therefore, some of the experiments of the first day were
repeated on the second day after a complete removal of the
joint from the experimental setup for storage overnight.
Figure 10 shows the result for one such repeated measurement.
Only small changes in the transfer functions were found which
might be due to decay of the specimen or to a slightly different
positioning of the joint.

4 Concluding Remarks

An experimental setup has been developed to study the
dynamic behavior of the human knee joint in vitro. The first
experimental results for one human cadaveric knee tend to in-
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Fig. 8 Effect of static preload magnitude on the magnitude of the
transfer function between the reaction torque 7, and the dynamic force
applied in Y, direction.

Static preload: ___ IF,1=40N, IF,1=90N, IF,l=60N;
——-110N, 217 N, 185 N;
.. 224N, 396 N, 244 N.
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Fig.9 _Effect of the level of the dynamic force applied in Z, direction on
the magnitude of the transfer function between displacements in Z;
direction and the dynamic force.
Static preload: [F,1=125 N, IF,[=220 N, IF,1=196 N.
Dynamic force: MSV 1.81 N2
-—--20.1 N?
1. 87.7N2

MJACNITEJDE {m/N)

1

T y
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Fig. 10 Effect of mounting/dismounting and storage (16 hr) of the
specimen on the transfer function between displacements in Y; direc-
tion and the dynamic force applied in Y; direction. .

Static preload: IF,1 =253 N, |F,1=420 NI, IF51=258 N.

___day1
----day 2

dicate that force transmission through the knee joint is in-
fluenced in a nonlinear way by the level of the static preload.

However, it must be emphasized that further experiments
are necessary to establish whether these findings are
characteristic for individual joint specimens. These ex-
periments must also be carried out to:
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1) determine how the results are influenced by the level of
the total static preload and the load carried by the individual
bracing wires;

2) analyze in which sense the dynamic behavior observed
depends on the presence of the bracing wires since their finite
stiffness might not be negligibly small compared to some of
the intrinsic stiffness properties of the joint, in three
dimensions;

3) assure that the mean square value of the dynamic load
exerfed on the tibia permits the assumption that the joint
behaves as a linear system under these logds for arbitrary
loading directions;

4) investigate how the results are influenced by changes in
the static equilibrium position of the joint since these changes
may have considerable effect upon the dynamic behavior.

Finally, the influence of the joint elements upon the
dynamic force transmission must be investigated. The results
of these analyses will then be used to develop a mathematical
model which is capable of describing these findings and which
allows for a clear interpretation of the function of the dif-

ferent joint elements. These aims are of prime interest in con-

tinued research.
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