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Abstract—The knee is a major joint that is capable of 6 degrees
of freedom (DoF) motion. In this paper, we present a biomimetic
design of a bicondylar knee joint capable of 3D motion. The
development of bicondylar surfaces is limited by the absence
of accurate condylar surface development methodologies. Hence,
this paper proposes a novel methodology, to obtain accurate
bicondylar surfaces. The proposed method is used to develop a
physical knee joint model. This knee joint model is experimentally
evaluated using a model lower limb test setup (replicating the
ankle, knee, and hip). The squatting motion of a human is
replicated using this test setup. The hip motion of a healthy male
test subject is recorded via image capture, and the hip joint of
the test setup is actuated to follow this path. The computational
model of the knee joint is used to predict the expected motion
path during squatting, and the experimental result is compared
against it. The results show RMSEs of less than 2.4 mm and 5.78
mm for anterior-posterior and inferior-superior displacements,
respectively. Hence, it shows that the proposed bicondylar surface
development methodology can be used to develop a biomimetic
knee joint capable of 3D motion.

Index Terms—3D knee joint, bioinspired design, bicondylar
surface

I. INTRODUCTION

The knee joint plays a critical role in many activities of daily
living (ADLs) such as walking, lifting, running, and climbing
stairs and exhibits complex joint kinematics. The biological
knee joint is more energy efficient in walking over flat terrain
in comparison to other mechanical walking mechanisms [1].
The structure of the human knee joint is shown in Fig. 1.
A healthy knee joint has six degrees of freedom (DOF) that
involve rolling, gliding, and rotation [2].

The knee joint is made out of a femur, tibia, patella, fibula,
meniscus, and ligaments (Fig. 1(a)). The knee bone (femur
and tibia) ends follow condylar shapes. The condylar shape
consists of a rounded outside (a convex surface) of the femur
bone that acts as a cam follower and a rounded inward

(concave surface) of the tibia bone that acts as a cam guide
(Fig. 1(b)).

To develop a biomimetic knee joint, it is advantageous
to study this condylar shaped joint. The replication of this
bicondylar mechanism, will allow for human-like motion, with
the use of biomimetic components that mimic the ligaments,
tendons, and patella. the simplest method to replicate this cam
mechanism, is to use a CT scan of the femur bone, develop
the concave surface profile, and generate the mirror convex
profile [3].

Currently available knee joint designs replicate only the 2D
motion of the human knee [4]. Femur and tibia end profiles,
which are used for these designs, are not able to replicate the
3D motion of the human knee. Therefore, there is a need to
develop a methodology to produce a truely biomimetic human
knee joint. In this paper, a method to generate a suitable tibia
profile for a selected femur profile is presented. The designed
knee joint is fabricated and evaluated using a experimental test
setup to validate the success of the design process.

Fig. 1. (a). Parts of a human knee joint (b). Condylar shapes of the knee
joint978-1-6654-8786-3/22/$31.00 ©2022 IEEE



Fig. 2. Degrees of motion of a human knee [7]

II. RELATED WORK

A. Anatomy and Biomechanics of Human Knee Joint

In the human knee joint, the tibia and femur comprise
two condyles (Fig. 1(a)) at the distal and proximal ends,
allowing medial and lateral femur condyles to roll and slide
over corresponding tibial plateaus. Hence, the knee joint is
called a bicondylar joint.

There are two menisci to enhance the conformity of the
joint and assist the rotation of the knee. These two condyloid
surfaces are held together by four ligaments and other tissue
(Fig. 1(a)). The anterior cruciate ligament (ACL) and posterior
cruciate ligament (PCL) are located between medial and
lateral condyles. Medial collateral ligament (MCL) and lateral
collateral ligament (LCL) are located on the side of the joint
[5]. These ligaments can be stretched in a range of lengths, and
due to the shape of contact surfaces of the tibia and femur,
the knee joint can obtain a moving centre of rotation. The
hamstring and quadriceps muscles deliver the force through
the tendons and patella to drive the knee joint. Patella runs
along the smooth groove on the femur. This patellofemoral
joint is important to knee stability and the force required to
extend the knee.

The human knee joint exhibits six degrees of motion
during dynamic activities [5], [6]. These degrees of motions
can be categorized as three rotations and three translations
along sagittal, coronal(longitudinal), and transverse planes
(Fig. 2). Flexion-extension rotation, medial-lateral rotation,
and abduction-adduction rotation occur around axes laid on
the transverse, coronal, and sagittal planes. Anterior-posterior
motion, proximal-distal motion, and medial-lateral motion
occur as three translations.

B. Contemporary knee joint designs

Recent literature presents single-axis and polycentric knee
joint mechanisms. Single-axis knee joint can result in unnat-
ural gait if locked and can be challenging to control. The
polycentric knee joint allows users to control the joint with
less effort. At the same time, it will enable knee flexion while
walking. Four bar mechanisms are commonly used in the
polycentric knee joint [8]. The use of a four bar mechanism
allows only a planar motion of the knee joint such as flexion
and extension [1].

Fig. 3. Existing 2D bio-inspired condylar knee joints (a). Etoundi et al. [9]
(b). Russel et al. [8] (c). Steele et al. [10]

Search of recent literature returns only a limited number
of research on designing a human-like knee joint. The few
available designs replicate different elements of the knee joint
to achieve motion similar to a human knee. Only a few
research have been inspired by the condylar surface of the
femur and tibia.These designs lack the adaptability to deal
with different activities of daily living (ADLs) like walking
on rough terrains and climbing stairs.

Etoundi et al. [9] have proposed a hinged joint design (Fig.
3(a)) for both prosthesis and mobile robots. They have de-
signed condylar surfaces between femur and tibia by present-
ing a method to generate a tibia profile that can work as a cam
mechanism. They use the Inverted Parallelogram configuration
of a four-bar mechanism in their design. They create a 2D
ellipsoid curve as the femur condyle. Ligament attachment
points are taken as linkage points in the mechanism. Cruciate
ligaments are replicated by a cable going through the two
condyles. From the inverted parallelogram and sliding-rolling
ratio function, they have achieved a moving center of rotation
for the knee joint.

Russel et al. [1] have presented a bicondylar knee joint.
This design (Fig. 3(b)) mimics the rolling sliding 2D motion
of the human knee joint. They have developed femur surface
using cadaver studies and generated the tibial profile according
to Etoundi et al. [9] based also on an inverted parallelogram
mechanism. A novel ligament design providing variable stiff-
ness to replicate ACL and PCL is also presented et al. [8].

Steele et al. [10] have proposed a bio-inspired condylar knee
joint (Fig. 3(c)). Similar to the previous research, this one was
also utilizes an inverted parallelogram and tries to mimic the
rolling-sliding motion of the human knee joint. But in this
research, the medial collateral ligament and lateral collateral
ligament have been replicated by a novel ligament design
[11]. The Special feature of this knee joint is the presence
of dynamic pressure between tibiofemoral condylar surfaces.
A pneumatic piston attached to the tibial component is used
to control the pressure dynamically. A patella component is
also added to the joint in order to maximize the moment arm.
None of theses existing knee joint models have the ability
to provide six degrees of motion like the human knee joint.
Hence, there is a need to develop a better biomimetic knee



joint design. One limitation of developing a truly biomimetic
bicondylar knee joint design lies in the absence of effective
means to recreate the bicondylar surfaces.

III. PROPOSED METHODOLOGY

It was observed that there is a need for a knee joint model
capable of 3d motion. In order to develop a biomimetic knee
joint capable of 3D-motion, it is required to create a guiding
surface for a follower component inspired by human femur
bone. Hence, we propose the following methodology to create
this guiding surface.

1) Find the motion behavior of the femur as a function of
a flexion angle.

2) Obtain CT scan of the distal femur head.
3) Move the femur bone according to motion functions

found in step 1.
4) Generate the guiding surface by doing a boolean opera-

tion at small intervals

The following section describes the use of the above
methodology to create the necessary guiding surface. Shiraishi
et al. [12] has plotted the motion of a human knee joint
with respect to extension-flexion angle at 5° intervals. This
motion path can be approximated by a 4th degree polynomial
function of the flexion angle. Table I shows the coefficient
values derived for the 4th degree polynomial function (Eq. 1).
The following design process was used to create the guiding
surface to replicate the target motion for each DOF.

f(x) = a1x
4 + a2x

3 + a3x
2 + a4x

1 + a5x
0 (1)

A. Femur component design

The guiding surface design depends on the available fol-
lower surface (i.e. the femural condyle). The distal femural
head can be scanned using computerized tomography (CT) to
obtain this surface profile. A 3D model of the femural condyle
can then be obtained by combining CT scan images. The actual
femur has a rough surface, and would result in a 3d-model with
unnecessary features. Hence, a simplified model needs to be
created. Before this model reduction is conducted, a coordinate
system needs to be defined for the femur part using the bony
landmarks of the CT scanned femur model.

1) Defining femur coordinate system: Initially, all relevant
bony landmarks were marked on the CT scanned 3D model
[13], [14]. Then, a coordinate system was defined on the femur
similar to that of [3], with the origin located at the center of
the trans-epicondylar line (TEL). The mediolateral axis runs
along TEL, and was taken as X-axis, in which the lateral side
is positive. The inferior-superior axis is parallel to the femur
anatomical axis [14], was defined as Z-axis with a positive
superior side. The anterior-posterior axis is the cross product
of the previous two axes and was defined as the Y-axis, whose
anterior side is positive (see Fig. 4).

2) Project femoral condyle to planes parallel to the sagittal
plane: Next step, is to project the femoral condyle to planes
parallel to the sagittal plane. To assist this, The femur needs
to be fixed in 3D space. Hence, the femur coordinates were
transformed according to the values of motion functions at
flexion 0°as shown below.

if x = 0° then from equation (1)
fmed−lat(0) = −1.53 ▷ x translation
fant−pos(0) = 2.11 ▷ y translation
finf−sup(0) = 29.7 ▷ z translation
fabd−add(0) = −1.59° ▷ y rotation
fint−ext(0) = 1.98° ▷ z rotation

The femur condyle was then segmented along the X-axis
from planes parallel to the sagittal plane from x = −25 to
x = +30 with a resolution of 5 mm. Planes at x = −28.5
and x = +33 were selected as boundary surfaces comprising
femoral articular surfaces (Fig. 5(a)).

3) Create the solid femur component: The generated
condyle profiles were combined to create the femur surface.
The set of points obtained from each profile was approximated
using a 4th degree polynomial curve. Then a tangent surface
was generated using the curves via the lofted base feature
available in CAD software (Solidworks, 2020) as shown in
(Fig. 5(a)). Auxiliary features were later added to the model
for mounting purposes.

B. Tibia component design

The femur trajectory was modeled in a virtual environment
according to the motion function (equation (1)) derived from
Shiraishi et al. [12] to generate the convex guiding surface.
The motion was derived by flexing the femur 0°- 120° with
10° increments to remove the intersecting volume from the
previous instance (Fig. 5(b)). This was completed using a mesh
modelling software (Blender 3.0.0). The distal surface was
extracted from the generated model, and was converted into
a T-spline model using a CAD/CAE software (Fusion 360).
A solid model was created from this via surface extrusion.
The tibia component was completed by adding the necessary
auxiliary features for mounting.

C. Fabrication of the knee joint

The computational model developed in the above step is
used to faabricate the femur and tibial condyles. The two

Fig. 4. Femur coordinate system



TABLE I
COEFFICIENT VALUES OF THE POLYNOMIAL FUNCTION

Motion a1 (×10−8) a2 (×10−5) a3 (×10−3) a4 (×10−1) a5 (×100)

Medial-Lateral 12.9 -4.00 3.85 -1.51 -1.53
Anterior-Posterior 0.328 0.369 -0.886 -1.23 2.11
Inferior-Superior 3.04 -1.47 0.926 -0.0277 29.7
Abduction-Adduction 6.02 -2.23 2.20 -0.545 -1.59
Internal-External 0.351 -2.85 5.69 -3.83 1.98

condyle shapes were fabricated using a 5-axis CNC milling
machine. The machining resolution was set at 0.1 mm. The
parts were fabricated using nylon.

IV. EXPERIMENTAL EVALUATION

This section describes the experimental evaluation of the
motion of the fabricated knee joint using the proposed method-
ology vs. the motion of a healthy male subject.

A. Natural motion of a healthy male subject

The natural lower limb motion of a healthy male subject was
recorded to compare against the motion that can be obtained
from the fabricated knee joint. The squatting motion [15]
was selected as the preliminary motion for comparison. A
voluntary healthy male test subject (height: 170 cm) doing
squatting as given in [15] was recorded via a tripod mounted
digital camera. Markers were placed on the subject’s knee, hip,
and ankle joints in the sagittal plane. The lower limb motion of
the subject during squatting was tracked offline using image
processing software (Kinovea, ver.0.8.15). The observed hip
motion is shown in Fig. 6.

B. Experimental test setup

A model of the lower limb (hip, knee, and ankle) was
developed to evaluate the motion of the developed knee joint.
The design was focused on replicating the human squatting
motion. Hence, the model was fixed at the ankle, with movable
hip and knee arrangements (see Fig. 7). The ankle joint
was fabricated as a fixed hinge with three rotational degrees
of freedom, based on a ball joint design. The developed

Fig. 5. Design stages (a). Projecting femoral component to sagittal planes
(b). Creating solid model using lofted base feature

bicondylar knee joint was held together using rubber bands
that replicate the biological ligaments. Aluminum links were
used as the femur and tibia to connect between the hip, knee,
and ankle joints. The whole lower limb was fixed to frame for
stability during testing.

The hip joint was designed with freedom for rotating
through medial-lateral axis. The bicondylar knee joint fabri-
cated from nylon, was fixed to the hoizontal carriage, femur,
and tibia links via 3d-printed attachments made of polylactic
acid (PLA) material. Tracking markers were placed on the
femur, tibia, and the upper and lower condyles of the knee
joint to assist in trajectory mapping using imaging (see Fig. 7).
The hip joint is actuated using a computer numerical control
(CNC) mechanism (Fig. 8). A microcontroller board (Arduino,
Mega2560), is used to control two Nema 17 stepper motors for
the hip joint. The motion captured via human subject testing
was given as the desired motion of the hip joint.

V. RESULTS

The motion of the test rig was captured using tripod
mounted digital camera. The markers placed on the joint
was tracked offline using image processing software (Ki-
novea, ver.0.8.15). The computational model developed using
the method proposed in section III, was simulated using
Blender 3.0.0 to obtain the predicted anterior-posterior and
inferior-superior knee displacements. The motion tracking
result obtained via image processing was compared against
the predicted path as shown in Fig. 9. The difference between
expected and actual motion remains constant through the
complete range of motion in anterior-posterior (Fig. 9(a)) and

Fig. 6. Hip motion path



Fig. 7. Experimental test setup, The insert shows the front and side views of
the developed knee joint.

Fig. 8. Hip joint actuation mechanism used in the experimental test setup.

inferior-superior (Fig. 9(b)) displacements. The observed error
is presented in Table II. The observed deviations lie within the
expected tracking errors.

VI. CONCLUSION

This paper presents a novel methodology to develop match-
ing condylar surfaces for fabricating biomimetic bicondylar
knee joints capable of 3D motion. The methodology, its

TABLE II
STATISTICAL ANALYSIS OR RESULTS

Displacement RMSE Max. Error Min. Error
(mm) (mm) (mm)

Anterior-Posterior 2.4 3.36 1.58
Inferior-Superior 5.78 6.36 4.5

Fig. 9. Linear displacement of prototype and computational model. (a).
Anterior-Posterior motion (b). Inferior-Superior motion

use in designing bicondylar knee joint, its fabrication, and
experimental validation of the developed knee joint using a
lower limb model is presented. The proposed methodology
is used to derive the matching condylar surfaces, and the
developed model is used to fabricate a bicondylar knee joint.
This knee joint is fixed to a model lower limb test setup.
Squatting motion of a healthy male test subject is captured via
image processing, and this trajectory is used to drive the test
setup. The developed computational model of the bicondylar
surafaces is simulated to obtain the expected motion path.
The experimentally recorded motion math is compared against
the predicted path. The results validate that the developed
bicondylar knee joint is capable of achieving the expected
motion path with minimal error. The placement of ligament
structures on the bicondylar knee joint needs to be better
studied and optimized as future work. The expansion of femur
condyle boundary planes when projecting onto sagittal planes,
can be considered to create better supporting/guiding features
in the resultant surface.
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