The impact of ACL laxity on a bicondylar robotic
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Abstract—Objective: Elucidating the role of structural mecha-
nisms in the knee can improve joint surgeries, rehabilitation,
and understanding of biped locomotion. Identification of key
features, however, is challenging due to limitations in simulation
and in-vivo studies. In particular the coupling of the patello-
femoral and tibio-femoral joints with ligaments and its impact on
joint mechanics and movement is not understood. We investigate
this coupling experimentally through the design and testing of a
robotic sagittal plane model.

Methods: We constructed a sagittal plane robot comprised of:
1) elastic links representing cruciate ligaments; 2) a bi-condylar
joint; 3) a patella; and 4) actuator hamstrings and quadriceps.
Stiffness and geometry were derived from anthropometric data.
10°—110° squatting tests were executed at speeds of 0.1—0.25 H z
over a range of anterior cruciate ligament (ACL) slack lengths.

Results: Increasing ACL length compromised joint stability,
yet did not impact quadriceps mechanical advantage and force
required for squat. The trend was consistent through varying
condyle contact point and ligament force changes.

Conclusion: The geometry of the condyles allows the ratio
of quadriceps to patella tendon force to compensate for contact
point changes imparted by the removal of the ACL. Thus the
system maintains a constant mechanical advantage.

Significance: The investigation uncovers critical features of
human knee biomechanics. Findings contribute to understanding
of knee ligament damage, inform procedures for knee surgery and
orthopaedic implant design, and support design of trans-femoral
prosthetics and walking robots. Results further demonstrate the
utility of robotics as a powerful means of studying human joint
biomechanics.

I. INTRODUCTION

The knee is the largest synovial joint in the human body [1].
Its role is critical in bipedal locomotion and knee joint damage
often necessitates major surgery and/or extensive rehabilitation
to restore even partial mobility. The femur and tibia, central to
the structure of the knee, make contact with each other at the
tibio-femoral joint through smooth surfaces called condyles.
These surfaces slide and roll over each other as the joint
rotates and are held together by four ligaments. In addition
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the patella (knee cap) rests on the posterior surface of the
femoral condyle forming the patello-femoral joint. The patella
is attached to both the quadriceps muscle group and the tibia
via tendons such that contraction of the quadriceps applies
force to the patella, which in turn extends the knee joint during
locomotion [1]. Despite its critical role in human movement,
precise understanding of how the patello-femoral and tibio-
femoral joints work as a system has yet to be fully explained
in the literature. Such understanding is vital to improve our
comprehension of the interaction of the internal elements of
the human knee, which is necessary to improve the outcome of
joint surgeries [2]. It is well known that damage to structures
such as ligaments can change joint kinematics, for example,
changing the location and variance of the axis of rotation [3]. It
is also known that those who suffer from loss of ligaments such
as the anterior cruciate ligament (ACL) still retain some joint
function [4], [5]. A subset of these patients are able to adapt
their gait such that they can continue to perform high impact
tasks such as hopping and running [5], [6] despite significant
changes in static joint laxity and gait kinematics. Although,
reconstructive surgery is able to restore gait kinematics to be
closer to that of healthy individuals [7], the reconstructed side
is 3 times more likely to be affected by mechanical degradation
of the joint surfaces caused by changes in mechanical stress -
termed osteoarthritis [8]. A deeper understanding of these joint
mechanisms can lend critical insights into joint degradation.
Furthermore, insights gained into the mechanics of the human
knee have useful applications in the design of trans-femoral
prosthetic knees for amputees and joint designs for walking
(legged) robots.

A range of tools have been introduced to study knee biome-
chanics with the goal of interpreting aspects of joint perfor-
mance. Video fluoroscopy, for example, has been implemented
to compare the kinematics of joints that have been resurfaced
with those of healthy individuals. Findings demonstrate that
joints where more of the ligaments are retained but the joint
surfaces are replaced do not always restore kinematics to that
of the healthy joint [9], [10]. Further fluoroscopic studies
on healthy individuals show that the interaction between the
ligaments and the tibio-femoral kinematics is complex and a
large amount of any result is affected by the patient and the
test conditions [11], [12]. As the patella cannot be accurately
tracked using fluoroscopy these studies typically focus on
the tibio-femoral joint, which neglects the importance of the
patello-femoral joint on the function of the knee . Additionally,
neither fluoroscopy or the more commonly used tracking
cameras allow any direct measure of the forces being im-
parted on the internal structures of the joint. This necessitates



computer models to estimate muscle forces from the available
measurements [13]. Obvious human subject considerations
limit interventions to study the mechanical performance of
the knee. For example, it is not possible to study movement
impact of changing a single variable (e.g. ligament tension)
through a range of values during walking.

Cadaver studies are commonly used to bridge this knowl-
edge gap [14]-[16]. For example, to improve the outcome
of reconstructive surgeries, a cadaveric knee from a healthy
subject is manipulated in-vitro to estimate the degree of post-
surgery tension in the reconstructed ligament that a surgeon
should aim for [17]. Investigations have demonstrated that low
final tension will lead to excessive joint laxity [18]. Conversely
there is evidence excessive tension is linked to a number of
negative outcomes including loss of maximum knee extension
[19], [20], increased tibio-femoral compressive forces [21],
graft failure [20] and unnatural translation of tibia [16]. It is
also theorised that the unnatural translation of the tibia leads
to a reduced moment arm of the patella tendon which demands
higher quadriceps forces during movement [22].

These have lent crucial understanding the importance of
ligaments within the joint and surgical reconstruction. How-
ever, the use of cadavers makes it difficult to observe the total
effect of interventions on the movement of the joint when
all the elements, patella, joint surface and ligaments interact
under dynamic conditions at physiological loads and speeds.
This is partly because mechanical properties of cadaveric
tissue degrades and due to difficulties applying loads to tissue.
Therefore, cadaver studies are typically done in static or quasi-
static test conditions without dynamic forces, which obfuscates
full understanding. Also large amounts of variation between
limited supplies of cadaveric samples can make resulting data
noisy. The separation of the joint from the whole leg system
can also lead to unrealistic loading conditions.

The goal of our ongoing work it to understand the dy-
namic interaction between the knee cruciate ligaments, patello-
femoral joint and condyles over a range of test conditions
comparable to regular human movement. This necessitates ex-
perimental models with the capacity to create physiologically
similar ligament and tendon forces as well as joint velocities
generated in locomotion. It further demands tests that can
be executed under tightly controlled conditions such that the
effect of changing a single variable (e.g.ACL length/tension)
can be quantified. Achievement of this aim required a different
approach to the in-vivo and cadaveric techniques common
in contemporary literature. In this investigation, we introduce
an anthropomorphic robotic sagittal plane model of the knee
complete with elastic ligaments with adjustable slack length.
This allows the execution of systematic tests in order to
understand the basic underlying principals of knee joint motion
when subject to physiological loads. In addition we are able to
directly measure system variables such as actuator forces and
ligament lengths which is not possible in human or cadaver
studies.

A. Related Work

While robotic testing apparatuses have been fabricated to
perform dynamic testing on cadaver samples, robotic systems

directly simulating knee behaviour are rare. Our novel system
draws in part from mechanisms used in cadeveric studies
and mathematical models of knee locomotion. In compar-
ison with systems used specifically for cadaveric studies,
our anthropomorphic platform shares characteristics with the
Kansas/Purdue II knee simulator. This 5 controllable degree
of freedom hydraulic squatting simulator [23] operates under
force control in the vertical axis at the hip and adduction-
abduction axis at the ankle. There is torque control in the
vertical and flexion axes at the ankle and position control on an
actuator simulating the quadriceps. This system has primarily
been used with cadavers to validate computational models
[24]-[26]. The motivation for our work is to elucidate key
features of the mechanics of the joint itself and, in particular,
the role of the ligaments and patella in joint function. Sagittal
plane mathematical models have been used in the investigation
of the knee biomechanics in previous studies [27]-[29] and
validated against measurements from flouroscopic techniques
[30]. With this in mind we build a simplified sagittal plane
mechanical model of the joint with elastic ligaments, patella
and joint surfaces to systematically investigate the mechanical
relationship between the different joint elements.

A smaller body of work has investigated robotic replication
of the human knee to study its mechanical efficiency. The joint
itself has several advantages which can be exploited by mus-
cles for control [31], which potentially outstrip current robotic
joints. Simple mechanisms have implemented a pin joint and
cam [32], [33] and synthesised four bar mechanisms to achieve
the desired motion [34], [35] while more complex designs
have drawn on knee joint structures for human augmentation
[36]. Collectively these investigations have captured features
of knee joint kinematics, stiffness or moment arm. More
physiologically driven studies [37], [38] implemented a robotic
system based on condylar knee design with demonstrated
mechanical benefits, though tendons or compliance were not
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Figure 1: Robotic knee squatting test setup, shown here at
the maximum flexion angle of 117 . The external degrees of
freedom are marked in blue.



directly investigated. Our own work on human-like knee joints
[39]-[41] explored similar issues for the purpose of designing
new joints for walking robots or exoskeletons. The patella was
simplified as a bracket attached to the tibia or pulley attached
to the femur in those studies. The location of this bracket
was selected in order to replicate, in simulation, the moment
arm of the patella tendon [40]. We found that this does not,
however, produce the realistic joint loads required to study the
fundamental mechanics of the human knee joint. To address
these shortcomings the robotic model described in this paper
has been designed and improved. Joint geometries are much
closer to those found in human knees and a floating patella is
added; the system hardware is includes larger actuators able to
impart higher forces that better match physiological values and
additional sensors are incorporated to measure actuator length.
The resulting test platform allows unique testing to elucidate
knee joint biomechanics.

B. Aims and Objectives

In this study we aim to understand the dynamic interaction
between the patella, condyles and cruciate ligaments in the
human knee when subjected to dynamic loads. In order to
achieve this we perform automated tests and observe how the
system kinematics respond to changes in ACL slack length.
The tests are performed on a biologically accurate robotic
sagittal plane model of the human knee joint. During these
tests we use a number of sensors to record:

1) Force in the elastic ligaments

2) Contact point of the femoral condyle on the tibial
condyle

3) Quadriceps mechanical advantage

4) Quadriceps force

We aim to use this information, in addition to still images
taken of the robot at various points in its motion to understand:

1) The role of the patello-femoral joint for the robustness of
the knee system as a whole when subject to the removal
of the ACL.

2) The effect of ligament tension on joint function.

II. METHODS

The overall test setup (see figure 1) consists of a mechanical
model of the knee joint (described in Section II-A) attached
to beams representing the tibia and femur. The tibia is pinned
at the ankle with a single rotational degree of freedom in
the sagittal plane. The hip’ consists of a rotational degree
of freedom in the sagittal plane and a translational degree of
freedom in the vertical direction.

Movement in the joint is controlled by two pneumatic
actuators representing the quadriceps and hamstrings muscle
groups. A proportional pressure valve allows the controller to
continually update the actuator forces. The maximum forces
for the quadriceps and hamstrings are 1:68 KN and 249N,
respectively. The hip is unloaded (other than by the weight of
the vertical sled itself) so we were able to use actuators that
could generate around a quarter of those estimated in-vivo in
maximally loaded humans [42]. We found that the quadriceps

actuator reached maximum forces of 1:4kN during testing.
The smaller actuator size allowed us to keep the weight of the
system down and improved the resolution of the force control,
both of which facilitated higher testing speeds.

The actuators are attached to Dyneema ® (ultra high molec-
ular weight polyethylene) cord, representing tendons. The ma-
terial was chosen for its high strength and stiffness (17:6 kN
and 3:5% elongation at breaking load) and the ability for it
to pass round smaller radius pulleys than the equivalent steel
cable. The cord is routed through pulleys so that lines of action
of the forces matches those found in humans (see figure 2).
The antagonistic actuator (i.e. the muscle being extended) is
set to provide a constant 30 N force. The precise amount of co-
contraction present in-vivo is uncertain [43] so in this study we
follow previous in-vitro squatting studies that employ constant
co-contraction forces of between 10N and 90N [14], [15],
[43], [44]. Pilot tests showed that whilst increasing the level
of co-contraction increased the hysteresis like movement of
the knee, the overall trends observed did not change. 30 N
was selected for this study as it provided a good balance
between stability (seemingly provided by higher antagonistic
forces) and the risk of hyperextension which occurred when
the ACL spring was removed and the antagonistic force was
too high. The actuators are fitted with displacement transducers
in parallel. An encoder at the hip provides information on the
absolute position of the joint for feedback to the controller.

Active markers fixed to the femur and tibia are tracked
using an NDI Certus Optotrack system in order to provide
measurements of joint position. The markers emit infrared
light that the camera can detect. The known layout of the three
markers on each joint allows the joint angle and translation to
be calculated. The marker mounts are designed to bolt directly
onto slots in the aluminium extrusion that makes up the femur
and tibia. This ensures that there is good alignment between
the axes of the marker and those of joint segments. The camera
has a 3D accuracy of 0:1 mm and cameras of this type have
been found to be suitable for similar kinematic studies [45].

A. Joint geometry

The joint (see figures 2 and 3) consists of two joint surfaces,
condyles, that slide and roll over each other as the joint rotates,
held together by elastic ligament analogues. A patella analogue
is attached to the quadriceps actuator and the tibia. The patella
position was selected using the MRI overlay of a normal adult
male human knee shown in figure 2.

The femoral joint surface is a sagittal plane slice of the
femur bone scan taken by Isaza et al. [47], simplified into three
arcs (see figure 2). The tibial surface is then generated using a
kinematic model of the joint system in order to ensure smooth
contact between the surfaces. This model uses a relationship
between the ligament lengths and angles taken from studies
on cadavers [48], [49]. The ligament attachment points are
from Fuss et al. [50]. Multiple sources are used since no single
source contained all the information required to build the joint.
The design process for the joint surfaces has been described
in previous work by the authors [41].

Ligament stiffness is provided by linear non-viscoelastic
springs with stiffness 1226 Nmm 1, similar to that found by






