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Abstract— In this paper we present a design methodology for
a bicondylar joint that mimics many of the physical mechanisms
in the human knee. We replicate the elastic ligaments and slid-
ing and rolling joint surfaces. As a result the centre of rotation
and moment arm from the quadriceps changes as a function of
flexion angle in a similar way to the human knee. This leads to
a larger moment arm in the centre of motion, where it is most
needed for high load tasks, and a smaller moment arm at the
extremes, reducing the required actuator displacement. This
is anticipated to improve performance:weight ratio in legged
devices for tasks such as stair accent and sit-to-stand.

In the design process ligament attachment positions, femur
profile and ligament lengths were taken from cadaver studies.
This information was then used as inputs to a simplified
kinematic computer model in order to design a valid profile
for a tibial condyle. A physical model was then tested on
a custom built squatting robot. It was found that although
ligament lengths deviated from the designed values the robot
moment arm still matched the model to within 6.1% on average.
This shows that the simplified model is an effective design tool
for this type of joint. It is anticipated that this design, when
employed in walking robots, prostheses or exoskeletons, will
improve the high load task capability of these devices. In this
paper we have outlined and validated a design method to begin
to achieve this goal.

I. INTRODUCTION

Biomimetic robots take inspiration from structures and
systems seen in nature in order to improve the performance
of engineering systems. It is known that walking on flat
ground is more energy efficient in humans and other legged
animals than mechanical walking mechanisms [1] yet hu-
mans achieve this while still being capable of performing
high load tasks such as stair ascent that require moments in
excess of 77 Nm for a 70 kg person [2].

In the field of robotics there is currently interest in de-
veloping walking robots that harness natural limb dynamics
in order to reduce energy consumption [3][4]. This has been
done by adding springs to the joints or actuators to help
replicate human dynamics [5][6][7]. These springs are added
to the joint in series or parallel with the actuation and the
result is a reduction in energy consumption for level gait
[8]. An alternative approach, advanced in this work, is to
attempt a more literal form of biomimicry in order to directly
translate the efficiency and mechanical advantage benefits of
the human joint into a mechanical system. These advantages
are described in more detail in Section I-A.
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The joint presented here copies the key features of the
human knee. Geometries and design parameters are taken
from the literature where possible although some simplifica-
tions are made to make manufacturing feasible. Features of
the human knee joint such as: varying moment arm, rolling
condyles and elastic ligaments are incorporated. In this paper
we describe the design process for such a joint that employs
a kinematic model, we build a prototype and experimentally
validate the model.

A. The human knee

The overall structure of the human knee is that of two
condyles covered in smooth cartilage at the end of the femur
and tibia that roll and slide over each other throughout joint
motion. These surfaces are held together by ligaments and
other soft tissues to resist movement of the joint outside of
the normal range [9]. The four ligaments are the anterior
cruciate ligament (ACL) and posterior cruciate ligament
(PCL) - these are found in the centre of the knee (Figure
1) - and the medial and lateral collateral ligaments (MCL
and LCL) which are found on the sides of the joint. These
ligaments are elastic [10], ensuring that the condyles are
always in contact. As a result the centre of rotation in the
sagittal plane moves relative to both bones as they rotate
[11]. A further consequence is that the ligaments stretch
varies during joint motion [12]. It is also known that these
ligaments contain mechanoreceptors that signal stretch [13],
[14] and that this is used in joint control [15], [16].

To drive the joint the quadriceps and hamstrings muscle
groups apply force via tendons and a patella. The patella
runs against the smooth surface of the femoral condyle. This
tendon driven actuation, combined with the moving centre of
rotation, produces a moment arm that changes as a function
of angle [11][17]. High load tasks such as stair climb and
sit to stand require maximum moments at flexion angles of
60°[2] and 90°[18], respectively. Conversely at the extremes
of motion low moment arms are desirable both to reduce
the moment trying to hyperextend or hyperflex the joint and
to reduce the total linear distance the muscle must move.
Reducing this distance in a robotic joint will lead to a smaller
minimum stroke length and, therefore, actuator size. Thus it
is anticipated that legged devices that replicate the human
moment arm curve will have an advantage over constant
moment arm joints in terms of force:weight as well as easier
control at the ends of the range of motion.

B. Aims of this work

Condylar mechanical knees are already commonly found
in the internal prostheses used in knee replacement surgery
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Fig. 1.

Structure of the human knee joint

[19] but the authors know of no commercially available
prosthetic knee for transfemoral amputees that employ this
mechanism. Prosthetic knees with moving centres of rotation
produced using rigid four bar mechanisms have been around
for over 30 years [20] and there have been attempts to
replicate the human knee moment arm curve using these
mechanisms [21]. However, none of those designs have
replicated the sliding, rolling and compliant sensing elements
of the human knee to investigate the additional improvements
to efficiency and control they may provide. Etoundi et al
[22] [23] have done some initial investigation into this type
of joint. Their condylar knee design contains no tendons or
compliance but they found it to have a larger mechanical
advantage and out of plane stiffness than a pin-jointed
hinge of the same volume. We extent this work with the
anticipation that a closer representation of the human knee
will further improve mechanical advantage for the common
high load tasks that human legs perform. Specifically, we add
elastic stretch sensing ligaments and a biologically derived
condyle profile. Initial data from a prototype version of the
joint has shown that stretch in compliant ligaments is a
function of joint forces and angular velocity as well as joint
position and could provide some sensory benefit [24]. The
method presented here employs a computer model developed
in MATLAB to generate a tibia joint surface profile given a
number of inputs taken from cadaver studies. Furthermore,
we report the manufacture and testing of a physical model
of the joint.

C. Design
Our joint has the following features:

« Two bio-derived joint condyles that can slide over each
other and take the compressive load required of the
joint.

o Two cruciate ligament analogues that are both elastic
and have stretch sensing capability.

o Attachment points for cables that simulate tendons.

e A centre of rotation that changes position as a function

of the joint angle.

Together these features produce the changing moment arm
discussed in Section I-A.

Perry [25] showed that during gait sagittal plane move-
ments dominate compared to transversal and frontal knee
movements. Thus for the robotic joint these extra movement
directions have been omitted. Additionally the only ligaments
included were the anterior and posterior cruciate ligaments
since these were deemed sufficient to stabilise the simplified
geometry.

II. DESIGN MODELLING
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Fig. 2. The 9 inputs to the system. The locations of the femoral ligament
attachment points A and B in two dimensions, the length 74, the angle of the
femoral condyle 3, the angle of the ligament attachment points relative to
the tibia v and the unstretched lengths of the ligaments RY ~, and R}~ .
The locations A and B are constrained to within the boxes shown. These
are simplified versions of the areas found by Fuss [26]

A computer model was developed as a tool which can be
used to find both a profile for the tibial condyle, the path
of the centre of rotation and predicted moment arm. The
joint was designed to be a similar size to the human knee.
However, there are no problems anticipated with scaling in
order to satisfy a broad range of robotic applications. The
tool has a number inputs which are both illustrated in Figure
2 and described below in more detail:

o The profile and location of the femoral condyle: The

profile was derived from a sagittal plane section through
a 3D scanned model of the bone performed by Isaza
et al [27]. For the purposes of the model the resulting
profile was approximated as three arcs. In addition an
adjustment to the angle of the condyle, 3, was treated
as an input.

0° < B < 20° (1

e The ligament lengths as a function of joint angle
racrL(0), rper(0): The ligament stretch (A(0)acr,
A(0) pcr) was taken from the equally weighted average



of the cruciate ligament bundle data from Kurosawa
et al [12]. The total lengths were therefore found by
adding an initial ligament lengths (R}~ ,Rpcy) tO
these stretch measurements. This initial length was
treated as an model input. The range was selected using
ACL data from Cohen et al [28] and PCL values were
found by taking measurements from the drawings in
Fuss [26] scaled using the ACL value.

35.4mm < Ry < 4l.4mm

35.3mm < Rpgy, < 41.3mm @

o The location of the femoral ligament attachment points
A and B: These were selected to be in the regions
identified by Fuss [26]. The data from the Fuss paper
was scaled based on the size of the posterior lobe of
the femoral condyle. The regions were simplified to
rectangles aligned with the system axes.

o The separation (r4) and angle () on the tibia of the
distal ends of the ligaments r4: Again, these were
selected to be close to the angles and lengths shown
in Fuss’s drawings [26].

—11° < v < 29° 3)
33.7Tmm < ry < 43.7mm
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Fig. 3. Forming the tibial condyle profile

The tibia profile is formed by fixing a rectangle aligned
with the system axis when 6 = 0 to a coordinate system that
moves rigidly with r4 (Figure 2). The angle 6 is increased
incrementally.

In each loop of the script for 6,, = {0,0.3,0.6...120}:

1) The angle of r4 is updated.
e ACES) )

2) The new lengths of r4cr(6), 7pcr(6) are found:
IracL(0)] = [Racr, + A(0)acLl
Irper(0)] = |Rpor, + A0)poLl

3) The arrangement of the four bar mechanism is resolved

for the new geometry. The only unknowns being the
angles of r4cr, and rpoyr,

(&)

FAB+Tacl+Ti+7rpcl =0 (6)

4) The tibia is moved rigidly with 4. Any parts of it that
intersect the femoral condyle are removed (Figure 3)

5) The instantaneous centre of rotation (ICR) of the tibia
was found by investigating the change in position of
the points C and D. The change in location of C and
D is found using (7) where the subscript indicates the
location of C and D at the n™ value of

A726—>’7L_C’7L—1 (7)
ﬁ = m_anl

Then finding the perpendicular normalised vector:

e 0 —1| a¢
AC—L 0]26‘

(®)

1 0

Then solving for the distance between C and the ICR
(d¢) and the distance between D and the ICR (dp).

Y 0 —1| B
M)Z{ }mn

|dp|AD* — |dc|AC* = C,, — D, 9)
The location of the centroid is then found by (10).

ICR = C, + |dc|AC* (10)

6) The length of the moment arm between the hamstring
tendon and the ICR (R}) and the moment arm between
the patella tendon and the ICR ([2,) are then found by
(11) and (12).

P, — Py

N H; — Hy
y TNh =
| Py — Pyl "

= 11
|Hy — Hy| (n

|Rp| = |Pf —ICR - ((Pf - ICR) ﬁp)ﬁﬂ
|Ry| = |Hy — ICR — ((Hy — ICR) - )i

B. Selection of input values

(12)

As there were potentially many solutions 100 random
input vectors within the constraints were selected using
Latin hypercube sampling. Some solutions were unsuitable
because they produced condyle profiles with sharp corners,
condyle contact wasn’t maintained throughout motion or the
location of the ligament attachment points made manufacture
impossible. Of the remaining valid solutions one was selected
that had both an acceptably smooth tibial condyle profile and
angles v and [ closest to the values from Fuss [26]. The
input constraints were then reduced to a small area around
this point and the process was repeated and a valid solution
was selected.



Fig. 4. Bicondylar joint

III. EXPERIMENTAL VALIDATION

The selected geometry was used to design and build a
physical model of the joint. To maintain the two halves of
the joint centred on one another a 25 mm radius was added
to each condyle in the coronal plane. The design of the
ligaments is the same as that used in Russell et al [24] with a
spring for elasticity and an LVDT for stretch measurement.
The free length of the ligaments (i.e. the length under no
tension) can be adjusted with a nut on each one.

In addition the patella was represented as a bracket at-
tached rigidly to the tibia. The location of this bracket and the
other actuation cable attachment points was selected so that
the joint moment arm fitted the human moment arm curve
measured by Krevolin et al [17] with the smallest possible
mean absolute difference.

A. Test setup

A test rig was built that simulated a squatting action.
Active markers were placed on each limb and a rigid body
tracking camera, the Optotrack Certus, was used to measure
the location of the tibia relative to a coordinate system
attached to the femur with an accuracy of 0.1 mm. The
vector (R, R,) from the location of the tibia marker (z¢, y)
to the centre of rotation was found by solving (13) for R,
and R,,. df is the change in angle achieved by the tibia in
a small space of time. dx and dy are the change in position
of the tibia over the same period.

dagi + dyj = (Ryi + R,j) x dbk (13)

Thus the centre of rotation rc,:e could be found by (14).

Feentre = (Rx + zt)i + (Ry =+ yt)j (14)

Fig. 5. Squatting test rig

The hip was fitted with a 4.5 kg counterweight so that the
joint could be manipulated under close to no load. This was
important if the kinematic model was to remain valid.

B. Test procedure

Manual manipulation of joint was performed in order
to compare the parameters of the physical model with the
computer model used in the design process. In order to
select an appropriate free length for the ligaments the sum
of absolutes differences between measured values of moment
arm and ligament stretch and the equivalents in the computer
model was calculated. The ligament nuts were then ad-
justed systematically until a compromise was found between
these performance metrics. For the selected tightness 21
flexion-extension cycles were performed with a period of
5.49 s (02 = 0.15). Data was collected at 2005 s~ .

IV. RESULTS

Figure 6 shows the instantaneous centres of rotation when
the joint was configured with the ligament free lengths
selected in section III-B. Data has only been shown where
the relative rotational velocity of the two joints was greater
than 0.6 7ad - s~1. This is because as df in (13) approaches
0 the accuracy of the calculation decreases [29]. The mean
euclidean distance between measured locations of the centres
of rotation and corresponding locations from the model was
2.85 mm (02 = 1.25).

The rigid attachment of the patella to the tibia meant that
it’s location could be found at every point in time. This, in
turn, allowed an estimate of the moment arm about the centre
of rotation to be calculated. The result is shown in Figure
7 alongside the moment arm estimated in the computer



model. The mean absolute difference between the model and
measured values is 2.6 mm (02 = 1.3) or 6.1% (0% = 8.3)
of the model moment arm.

Figure 8 shows the measured PCL and ACL lengths
alongside those from the computer model which are, in turn,
derived from data from Kurosawa et al [12]. The mean
absolute difference between the model and the measured
values was 1.35mm (02 = 0.86) and 0.25 mm (02 = 0.023)
for the ACL and PCL, respectively. As maximum flexion was
approached it was observed that the ACL tension reduced up
to the point at which the tension in the spring was almost
zero. Tightening the ACL nuts reduced this effect but also
reduced the overall ACL lengths and, as a result, increased
the force required to fully extend the joint.
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Fig. 7. Measured and model patella moment arm alongside the human
patella moment arm measured by Krevolin et al [17]

V. DISCUSSION

Our computer model (described in Section II) allows a
tibial condyle profile to be calculated with both ligament
attachment points and femur profile derived from the human
knee. This is performed using a simplified kinematic com-
puter model of the joint.

A. Model quality

The computer model accounts for neither the ligament
forces nor the friction between the surfaces. Indeed, although
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Fig. 8. Measured ACL and PCL stretch

it produces a tibia profile that allows the ligaments to stretch
in the preprescribed way, it does not force them to do
so. In reality the forces between the surfaces of the joint
interact in a complex way with the ligament forces. However,
developing, and more crucially, validating a solid body model
that took these forces into account would have required an
impractically long development cycle.

One outcome of these simplifications was a lower than
predicted ACL length (Figure 8). Despite this the path of
the rotation centres (Figure 6) follows a similar shape to the
computer model, moving anteriorly as the joint is flexed as
well as proximally at each extreme. There is an overall shift
of the path anteriorly compared to the trajectory predicted
by the computer model. Furthermore, these differences in
ligament stretch and ICR had little effect on the moment
arm with an average difference of 6.1 % between the com-
puter and physical models. The deviation is larger close to
maximum extension but this region of motion, if anything,
benefits for the reduced moment arm (see section I-A) and
the fit to the human moment arm is, in fact, improved.

B. Deviation in ligament stretch

The lower than expected ACL stretch, especially near
maximum flexion, suggests that the femoral condyle is
shifted anteriorly in the physical model compared to the
computer model. This is consistent with the anterior shift in
ICR path (Figure 6). This is likely a result of the kinematic
simplification of the system. However, it does not necessarily
show that the resultant design is a poor representation of
the human joint. The data for total ligament stretch in
the computer model came from information on stretch in
individual ligament bundles from Kurosawa et al [12]. An
equal weight average of the stretch in the four ACL bundles
was used. In flexion in particular, the difference between the
amount of stretch in the different bundles in the Kurosawa
data is large. Indeed, the posterior bundles do not exhibit
the increases in stretch during flexion seen by the anterior
bundles. As a result the range of stretch values in the data
from Kurosawa et al [12] suggests that our robotic knee is
in fact within the bounds of that found in humans and that
the joint is a valid representation of the human mechanism.



C. Test procedure

Because the computer model was strictly kinematic and
did not include actuator forces it could only be validated
under these same conditions. For this reason the joint was
manipulated by hand. Although previous work on an earlier
version of the joint suggests that these forces are likely to
have an effect on the ligament stretch [24] the effect of
these forces on the centre of rotation and moment arm is
not known. A full investigation of how these loads move the
centres of rotation and how this effects joint performance will
be a matter for future work. However, the evidence presented
here suggests that even when deviations in ligament stretch
are large the moment arm and centre of rotation can still
closely match the computer model and the human data. This
supports the premise that the joint will most likely retain the
mechanical advantages of the human geometry for improving
high load task capability even under load.

VI. CONCLUSION

A basic kinematic computer model has been developed in
MATLAB for the design of a bicondylar joint. Specifically,
the model aids with the design of a tibia profile and uses
inputs taken from cadaver studies. A prototype joint has been
manufactured using the computer model and this physical
model has been tested in squatting under no actuator load.
The most significant deviations were between the measured
and model ligament stretch, in particular in the ACL. Despite
this the paths of centre of rotation in both the physical
and computer model matched with a mean euclidean dif-
ference of 2.85 mm. Moreover, the joint exhibited a similar
a moment arm curve to both the computer model and the
human knee. This moment arm curve provides high moment
capability where it is needed in the mid range of motion
and reduces it where it unnecessary or dangerous at the
extremes. We anticipate that walking robots, prostheses and
exoskeletons will achieve an improved ability to perform
both high load tasks and humanlike walking by employing
our joint.
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