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1.  Introduction

Walking on flat ground is more energy efficient in 
humans and other legged animals than in current 
robotic walking mechanisms [1]. However, those 
robots that do achieve similar levels of efficiency, 
such as the Cornell Ranger [2], are often incapable 
of performing high load tasks. The mechanism and 
control strategy of the human leg, however, exhibits 
both efficiency for lower load tasks as well as capacity 
for high load activities such as stair ascent. It is therefore 
unsurprising that considerable research effort has 
already gone into replicating human properties in 
mechanical joints [3].

For walking robots this has taken the form of ten-
don-like cables which are used to reduce energy con-
sumption by removing actuator mass from the legs 
themselves so that they can be located nearer the robot 
centre of mass, in the main body [1]. Additionally, 
reductions are achieved by adding springs to the joints 
or actuators to help replicate human dynamics [2, 4, 
5]. Martinez-Villalpando et al and Geeroms et al [6, 7] 
apply a similar approach to a prosthetic knee. Springs 
are added to the joint in series or parallel with the actu-
ation and the result is a reduction in energy consump-
tion for level gait [8].

These studies, however, take a more abstract bio-
mimicking approach than the work presented here.The 
efficiency of human gait is likely to stem from multiple 
aspects of the system, including: control strategy, joint 
design and actuation. With this in mind, this paper 
focusses on the sensory-mechanical aspect as a first step 
with the intention of adding human-like control and 
actuation strategies in future work. Robotic simula-
tions have shown that a joint motion that more closely 
matches that of the human knee can reduce energy con-
sumption for gait [9]. In this paper human knee features 
such as a varying moment arm, rolling condyles and 
elastic ligaments are incorporated into a joint design.

This work seeks to show that it is possible to design 
a bioinspired knee with improved mechanical perfor-
mance compared to a constant moment arm knee in 
order to address weight and power limitations in the 
current generation of lower limb robotic systems. This 
is to be achieved via a cable driven bicondylar joint 
with a variable moment arm similar to the biological 
knee. A comparison will be made between the mini-
mum actuator size required for a high load task, a stair 
ascent, for both the bicondylar knee and a system with 
a constant moment arm.

Additionally, the moving centre of rotation makes 
fitting an encoder onto a joint of this type difficult. 
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Abstract
In this paper we present a new bioinspired bicondylar knee joint that requires a smaller actuator size 
when compared to a constant moment arm joint. Unlike existing prosthetic joints, the proposed 
mechanism replicates the elastic, rolling and sliding elements of the human knee. As a result, the 
moment arm that the actuators can impart on the joint changes as function of the angle, producing the 
equivalent of a variable transmission. By employing a similar moment arm—angle profile as the human 
knee the peak actuator force for stair ascent can be reduced by 12% compared to a constant moment 
arm joint addressing critical impediments in weight and power for robotics limbs. Additionally, the 
knee employs mechanical ‘ligaments’ containing stretch sensors to replicate the neurosensory and 
compliant elements of the joint. We demonstrate experimentally how the ligament stretch can be used 
to estimate joint angle, therefore overcoming the difficulty of sensing position in a bicondylar joint.
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Inspired by the human knee a sensor has been designed 
that uses the stretch of elastic mechanical ‘ligaments’ 
in a bicondylar joint in order to estimate joint angle. As 
well as source information on joint state these provide 
a form of adjustable parallel compliance.

1.1.  Current prosthetic joint designs
Commercially available passive and negative net power 
above knee prostheses already use variable moment 
arms as part of their designs. This is done by utilising 
four bar mechanisms [10–12] with bar layouts selected 
for both stance stability and ease of swing extension. 
Additionally, these designs often employ compliant 
elements for extension assist or to absorb energy when 
going down inclines.

Positive power prostheses such as the ÖSSUR 
power knee [13] are already commercially available but 
do not make use of variable moment arms. They are 
heavy, with a mass of 3.9 kg [13], 33% more than the 
average human shank [14]. However there are known 
benefits to these products. Symmetry is improved 
when compared to a microprocessor knee [15] and 
the power available for sit to stand tasks [16] and stair 
ascent [17] is increased. Nevertheless, they are not cur
rently fully able to restore function, demonstrated by 
the intact limb often carrying more of the load than the 
leg fitted with the prosthesis [16, 17]. This suggests that 
the compensation provided by the powered knee is not 
yet adequate and an increase in available joint torque 
without an increase in weight would benefit users.

1.2.  The human knee
The overall structure of the human knee is that of two 
smooth condyles 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 [18]. The four ligaments 
are elastic [19], 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 [20]. 
A further consequence is that the ligaments stretch 
varies during joint motion [21]. These ligaments also 
contain mechanoreceptors that signal this stretch  
[22, 23] for use in joint control [24, 25].

The knee is driven in the extension direction by 
the quadricep muscles via tendons and a patella. The 
patella runs against the smooth surface of the femoral 
condyle. It is attached at the femoral end to the quadri-
ceps via the quadriceps tendon and at the tibial end 
to the tibia via the patella tendon. This tendon driven 
actuation, combined with the moving centre of rota-
tion, produces a moment arm of the quadriceps that 
changes as a function of angle [20, 26]. This leads to 
a type of variable mechanical advantage or ‘gearing’. 
Where the moment arm is small the amount of muscle 
displacement required for a change in angle is reduced 
but the joint moment per unit force is lower. Where the 

moment arm is large finer control and higher forces are 
possible but a larger muscle displacement is necessary.

1.3.  Work to date
Previous studies that investigate the replication of the 
human knee have used simpler methods than the one 
presented here. These range from use of a pin joint and 
cam [27, 28] to those that use four bar mechanisms 
to achieve the desired motion [29, 30]. Each of these 
papers succeeds in capturing particular aspects of knee 
joint performance with regards to kinematics, stiffness 
or moment arm. However we believe that by looking at 
the physical and sensory make-up of the human knee 
in detail, it will be possible to capture all these features, 
and more, in a single joint design. One research group 
that has already begun this investigation is that of 
Etoundi et al [31, 32] who have built a condylar knee 
design without tendons or compliance and found it 
to have mechanical benefits. The design presented 
here goes further by including elastic stretch sensing 
ligaments and a biologically derived condyle shape. 
In our previous work [33] a design for stretch sensing 
compliant ligaments and a condylar knee was 
presented. Using this first iteration of the joint we show 
that stretch in these ligaments is a function of joint 
forces and angular velocity as well as joint position.

1.4.  Aims of this work
In this paper the concept is taken further in two ways: 
Firstly an optimisation is performed on the proposed 
second iteration of the joint in order to tune the design 
to more closely mimic the human moment arm curve. 
We then see the effect this might have on the actuator 
sizes required for a high load task. Secondly, the 
version of the joint that was presented in Russell et al 
[33] is incorporated into a newly built squatting rig in 
order to develop and test a method of estimating joint 
angle using ligament stretch. It is hypothesised that 
the fusion of improved mechanical design and control 
feedback based on estimated joint angle will provide 
a foundation for a new range of lighter and more 
controllable robot legs.

We seek to assess:

	(i)	� Patella position tuning (section 2.1): whether 
replicating the human knee moment arm 
- angle relationship in a biomimicking 
cable driven joint can be achieved by 
optimising the cable attachment points. This 
optimisation is performed on a computer 
model of the joint (figures 1 and 2) where the 
difference compared to the human value is 
minimised (figure 3). The potential benefits 
of this design with regards to actuator size 
are assessed.

	(ii)	� Ligament stretch for joint position estimation 
(section 2.2): whether stretch information 
from the compliant ligaments in the joint 
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can provide angle information. Testing is 
to be done using the same first iteration of 
the joint from Russell et al [33] but with a 
squatting rig so that the joint experiences 
more realistic loads. Tests are performed to 
assess angle estimation accuracy as well as 
whether this estimate can be used to control 
the joint without any other sensing.

2.  Methods

Our joint has a particular geometry chosen such that 
compliant ligaments within the joint stretch in a way 
that matches measurements from humans [21]. The 
design has the following human-like features:

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

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

	 •	�Cable driven actuation to simulate the tendons and 
a mechanical analogue of the patella.

	 •	�A centre of rotation that changes position as a 
function of the joint angle.

The joint designs used in sections 2.1 and 2.2 dif-
fer. The joint that has been built for position estima-
tion using ligament stretch (section 2.2) is the first 
iteration of the bicondylar joint. This design was first 
presented in Russell et al [33]. The joint used in the 
computer model (section 2.1) is a second iteration of 
the joint design that has been manufactured but not 
tested. Details of both the these designs are presented 
under sections 2.1.1 and 2.2.1.

Perry [34] showed that during gait sagittal plane 
movements dominate compared to transversal and 
frontal knee movements. Thus for both these designs 
these extra movement directions have been omitted.

Figure 1.  Joint motion for the proposed bicondylar mechanical knee. The red dot shows the centre or rotation of the femur about 
the tibia in each position. The thick black lines describe the locations of the two ligaments.

Figure 2.  Diagram showing moment arm of the cable about the instantaneous centre of rotation. Shown here at θ = 30◦.

Bioinspir. Biomim. 13 (2018) 056012
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2.1.  (i) Patella position tuning
To represent the patella more simply than the floating 
bearing present in the human knee two designs were 
investigated: one in which the patella was represented 
as a pulley attached to the femur (figure 4(a)) and one 
in which it was represented as a bracket attached to the 
tibia (figure 4(b)). The method detailed here allowed 
us to decide which of these representations was the 
closer match to the human joint in terms of moment 
arm profile.

In addition, for each geometry, a further scenario 
was simulated where the centre of rotation was fixed 
at the coordinate system origins marked in figure 4. 
This allowed us to see what additional benefit the mov-
ing centre of rotation provided compared to a tendon 
driven but fixed centre of rotation knee.

Both layouts were optimized so that the moment 
arm as closely as possible matched the moment arm of 
the human knee. The two layouts were then compared 
to see which produced the better fit. In both cases the 
cable tension was controlled by actuators that simu-
lated the quadriceps i.e. attached to the femur.

2.1.1.  Selection of joint geometries
The latest version of the design is used in the 
optimisation presented in this section. It has ligament 
attachment points and condyle shapes chosen based 
on data from cadaver studies. The femoral condyle has 
been taken from a sagittal plane section of the bone scan 
from Isaza et al [35]. The ligament attachment points 
are based off locations shown in Fuss’ [36] paper on 
ligament attachement points; ligament lengths were 
taken from ACL data from Cohen et al [37] and PCL 
values were found by taking measurements from the 
drawings in Fuss [36] scaled using the Cohen ACL 
value. The relationship between ligament stretch and 
joint angle was taken from a weighted average of the 
ligament bundle measurements in Kurosawa et al [21]. 
A tibia profile was then designed such that there is no 

intersection of the two condyles as the joint rotates but a 
point of contact is maintained at all times. The resulting 
ligament positions and condyle shapes are shown in 
figure 1.

2.1.2.  Calculation of extension moment arm
As the femur rotates relative to the tibia all parts fixed 
to the femur rotate with it. The moment arm acting on 
the femur about its centre of rotation can be found by 
equation (1) where point P is the femur fixed patella or 
tendon attachment point, point A is the instantaneous 
centre of rotation of the femur about the tibia (figure 1)  
and n̂ is the unit vector of the force that is acting to 
rotate the femur (figure 2)

R = |−→PA − ((
−→
PA · n̂)n̂)|.� (1)

The centre of rotation was used for moment 
calculations because the normal contact force from 
the condyles has to pass through this point in order for 
the surfaces to remain non-intersecting. The ligament 
forces, which are small in magnitude compared to the 
contact or tendon forces, are known to pass close to 
this point and so will only be able to impart a small 
moment in comparison with that imparted by the 
cable. This is similar to methods used by Smidt [20] 
and Krevolin [26] to measure knee moment arms in 
cadavers.

For any particular cable arrangement the moment 
arm relationship calculated by the method above was 
compared to the human moment arm, rθ, from Krevo-
lin et al [26] (figure 3). The sum of absolute differences 
between the two was calculated to measure the degree 
of similarity between the two.

2.1.3.  Constraints
Boundary conditions were chosen to limit the size of 
the joint mechanism and to maintain a broadly human-
like geometry. The patella and tendon attachment 
positions were limited, as shown in figure 4.

Figure 3.  Moment arm of the human knee as a function of joint angle. Taken from Krevolin [26] using the average of male and 
female datasets and performing a 4th order polynomial fit.

Bioinspir. Biomim. 13 (2018) 056012
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To ensure that the cable forces would act more 
or less the same directions as in the human knee the 
angles γ and ζ at a joint angle of 0◦ were constrained. 
Van Eijden et al [38] show that, in humans, the angles 
between the patella and quadriceps tendons and the 
axis of the femur are 20◦ and 10◦ degrees respectively 
at a joint angle of 0◦. Thus the values in equations (2) 
and (3), 20◦ either side of Van Eijden’s values, were 
selected. This will reduce the chance of large shear 
forces across the joint, which could induce unstable 
sliding between the condyles.

0◦ � γθ=0 � 40◦� (2)

−10◦ � ζθ=0 � 30◦.� (3)

2.1.4.  Optimisation procedure
The optimisation of the four variables that describe the 
x and y positions of both the tendon attachment points 
and patella location was carried out first by genetic 
algorithm (population  =  100, generations  =  200, 
crossover fraction  =  0.3) using the Matlab genetic 
algorithm toolbox. The nonlinear constraint on γ and 
ζ was enforced using a penalty method. To meet the 
requirements for biomimetic optimisation suggested 
by Haberland et  al [39] each optimisation was run 
20 times with different random starting populations 
in order to reduce the chance of optimising to a 
local minimum. This means that a total of 20 000 
starting configurations were evaluated within the 4D 
possibility space. Increasing the number of times the 
algorithm was run beyond this point revealed no new 
minima. The optimal result from the genetic algorithm 
was then used as the initial point for the standard 
Matlab interior point minimiser to further improve 
the precision of optimisation.

2.1.5.  Required actuator size
The calculations for a common high load task, a stair 
ascent, were performed for each optimized design and 
compared to a constant moment arm joint with the 
same actuator stroke length:

The total actuator stroke length, ‘Lstroke’, required 
for the full 120◦ of joint motion was found as the dif-
ference between the distance 

−→
PB  (figure 2) at 0◦ and at 

120◦. A constant moment arm joint that used an actua-
tor of the same length would have to have a moment 
arm of Rconst (equation (4)).

Rconst =
Lstroke

θrange
.� (4)

Costigan et al [40] show that the maximum knee 
moment per unit body weight required for this activ-
ity is max(Mθ) = 1.1 Nm(kg)−1 which, using a joint 
with constant moment arm of size Rconst, would require 
a maximum actuator force max(Fconst):

max(Fconst) =
max(Mθ)

Rconst
.� (5)

Similarly for the bicondylar joint design the actua-
tor force at every angle can be found using the external 
knee moment curve Mθ from Consigan et al [40] and 
the moment arm curve of our joint Rθ (figure 8(a)). 
The required actuator force as a function of angle can 
be found by equation (6).

Fθ =
Mθ

Rθ
.� (6)

max(Fconst) and the maximum value of Fθ can 
be compared. A smaller max(Fθ) compared to 
max(Fconst) means that the peak force required for the 
stair climb task is smaller with the bicondylar joint. 
These forces are proportional to the minimum area of 

(a) (b)

Figure 4.  Joint configuration with patella fixed to the femur in (a) and to the tibia in (b). The bounding boxes used in the 
optimisation are shown in blue and red.

Bioinspir. Biomim. 13 (2018) 056012
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a pneumatic or hydraulic cylinder required to drive the 
joint. Since the lengths of the cylinders in both scenar-
ios are the same the maximum force can also be used as 
a measure of the required cylinder volume.

2.2.  (ii) Ligament stretch for joint position 
estimation
Estimation of joint position using ligament stretch was 
performed on a earlier version of the joint [33] than 
that described in section 2.1. A purpose build squatting 
rig was built and a condylar joint was manufactured 
that contained linear variable differential transformers 
(LVDTs) to measure stretch within elastic mechanical 
‘ligaments’ (figures 5 and 6).

2.2.1.  Design of the robotic model
The joint itself is the same design as that presented 
in Russell et  al [33]. Stretch sensing ligaments were 
manufactured from aluminium to represent the ACL 
and PCL within the joint. A series spring provides 
compliance and a parallel LVDT measures stretch. 
Figure  5 shows how these ligaments are integrated 
into the overall joint design. This early version of the 

joint is designed as a proof of concept for ligament 
based sensing and the joint geometries do not match 
the human knee as closely as the design proposed in 
section 2.1. The ligament attachment positions were 
chosen so that they were crossed throughout joint 
motion with the femoral condyle moving anteriorly 
as joint angle increased; The femoral condyle shape 
was selected to match the overall proportions, but 
not shape, of the human knee; The tibial condyle 
was selected so that at each angle of rotation both 
a section  of the tibial surface is tangential to the 

Figure 5.  Cross-section of the joint showing the ligaments in the first iteration of the joint design that was used in section 2.2. 
The LVDT core and coils can slide with respect to each other. The signal from the coils can then be conditioned to give a DC signal 
proportion to the core position and, therefore, ligament length.

Figure 6.  First iteration of the knee joint with elastic stretch 
sensing ligaments.

Figure 7.  Single leg squat test set up.

Bioinspir. Biomim. 13 (2018) 056012
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femoral condyle and there is no interference between 
the surfaces. The joint surfaces are made from acetal 
and aluminium for the femoral and tibial condyles, 
respectively. The ligament stiffnesses and lengths have 
been selected to be in the same range as in the human 
knee [19, 37].

To simulate a single leg squat (figure 7) a sled and 
bearing at the hip allowed the proximal end of the 
femur both vertical translation and sagittal plane rota-
tional degrees of freedom. The distal end of the tibia 
was fixed to a bearing at the base to represent a fixed 
foot.

An encoder at the hip was used to provide the 
measurements of knee joint angle for the training of 
the estimator and in order to measure the estimator’s 
performance. Before testing began an optical tracking 
camera was used to find the relationship between the 
height of the hip measured with the encoder and joint 
angle. This provided the measurement of the actual 
joint angle necessary for the training and testing pro-
cedures described in section 2.2.2. The muscles were 
simulated using pneumatic actuators fed by an air sup-
ply whose pressure could be controlled digitally.

To control the joint using both actuators a preload 
was applied to both the quadriceps and hamstrings 
actuators that was found to be just sufficient to hold the 
joint at a constant angle. A PID controller then added 
additional force to either the hamstring or quadriceps 
depending on whether the joint was required to accel-
erate in the flexion or extension directions.

2.2.2.  Training routine
Ligament stretch as a function of angle was recorded 
for three types of movement:

	 •	�Joint angle linearly increasing over the full range
	 •	�Joint angle linearly decreasing over the full range
	 •	�Joint angle following a sinusoidal path, extending 

then flexing

For each task a Levenberg–Marquardt back prop-
agation neural network with 10 perceptrons in the 
hidden layer was trained with the stretch from both 
ligaments and the filtered PID output as inputs and 
joint position as output. The filtered PID output was 
included in the input to the estimator because previous 
work [33] has showed that ligament stretch changes as 
a function of joint forces as well as angle. Since the PID 
output was proportional to the force from the agonist 
actuator this gave the estimator extra information that 
made the joint angle estimate more accurate. Data was 
collected as the rig performed ramp tests at rates rang-
ing from 2–21.5 deg s−1. The neural network was then 
trained offline.

The system performance was evaluated in two 
ways:

	 •	�In order to assess the performance of the estimator 
the estimated joint angle was compared to the 
known joint angle from the encoder at the hip. This 
angle was also used as the feedback for the PID 
controller during these experiments.

	 •	�In order to test the usefulness of this estimation 
the output of the estimator was then used as the 
position feedback for the PID controller. The 
quality of this control was compared to the quality 
of control from the first test when the hip encoder 
was used.

3.  Results

3.1.  (i) Patella position tuning
The optimisation was performed on both joint 
geometries with and without a moving centre of 
rotation. Figure  8(a) shows the moment arm for 
the optimum configurations when the patella is 
represented as a pulley attached to the femur as in 
figure  4(a). Figure  8(b) shows the moment arm 

Figure 8.  Moment arm of the proposed joint compared to data on human joints from [26]. (a) Gives the results for the geometry 
when the patella is a pulley on the femur. (b) Gives the results for the geometry when the patella is a bracket fixed to the tibia. Shown 
also is the arm length of a constant moment arm joint with the same actuator stroke length as the joint with moving centre of 
rotation.

Bioinspir. Biomim. 13 (2018) 056012
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for the optimum configuration when the patella is 
represented as a bracket attached to the tibia as in 
figure 4(b). In addition, table 1 shows the performance 
of the constant moment arm joint as calculated 
by equation  (4) for the moving centre of rotation 

configurations.
Mean absolute difference, angle of maximum 

moment arm and value of the maximum moment 
arm is provided in table  1 for all geometries. The 
best average fit is achieved with the patella attached 
to the tibia with moving centre of rotation. In this 
configuration the mean absolute difference between 
the bicondylar joint moment arm and the human 
moment arm between 0◦ and 90◦ was 3.36 mm with a 
maximum difference of 16.3 mm at 90◦. The smallest 
maximum difference was with patella represented as 
a femur attached pulley although for this configura-
tion the mean difference was larger and location of the 
maximum moment arm was further from that found 
in the human knee. For both configurations fixing the 
centre of rotation makes the fit to the human moment 
arm poorer than when a bicondylar moving centre of 
rotation is used. This is the case across all the metrics 
shown in table 1. In addition, in all cases the constant 
moment arm joint with the same stroke length as the 
bicondylar joint showed greater mean and maximum 
differences than in the equivalent tendon driven con-
figurations.

3.1.1.  Required actuator size
The calculations described in section  2.1.5 were 
performed on each of the four scenarios. The results 
are presented in table 2. The force reduction for stair 
climb compared to a constant moment arm joint is 

between 8.6% and 12.1% depending on which of the 

four configurations is chosen.

3.2.  (ii) Ligament stretch for joint position 
estimation
Figure 9 presents the accuracy of the joint position 
estimate performed offline compared to the position 
of the joint when measured with an encoder at the hip. 
The performance of the estimator and controller is 
given as a mean squared error in table 3. For all tests the 
controller error was lower in the extension direction 
than the flexion direction. Joint angle estimation is 
accurate to better than 1.3◦ on average for the sinusoid 

test.
Figure 10 and accompanying table 4 present the 

performance when using the estimate of joint position 
using ligament stretch as feedback to the PID control-
ler. The control error in all three test types is higher and 
has larger standard deviations than when the encoder 

is used for angle feedback (table 3).

4.  Discussion

4.1.  (i) Patella position tuning
Using the process described in this paper it is possible 
to design a joint with a similar relationship between 
moment arm and angle as in the human knee. This 
can be achieved by representing the patella as either 
a smooth pulley on the femur or rigid bracket on the 
tibia. The configuration with lowest mean difference 
to the human moment arm was that where the patella 
was fixed to the tibia and the joint is bicondylar with 
a moving centre of rotation. Here the maximum 
moment arm is 50.42 mm achieved at 44.8◦, compared 

Table 1.  Summary data for figures 8(a) and (b). For each joint configuration the location and magnitude of the maximum moment arm is 
given alongside two measures of the difference when compared to the moment arm of the human knee.

Joint configuration Figure

Mean absolute 

diff. (mm)

Max. absolute 

diff. (mm)

Angle of max. 

moment arm (°)

Max. moment 

arm (mm)

Patella on femur. Moving COR 8(a) 4.60 15.3 30.7 50.3

Patella on femur. Fixed COR 8(a) 5.84 23.7 25.0 51.4

Patella on tibia. Moving COR 8(b) 3.36 16.3 44.8 50.4

Patella on tibia. Fixed COR 8(b) 4.95 18.6 28.9 51.7

Constant moment arm joint 8(a) 7.53 19.9 — 41.3

Constant moment arm joint 8(b) 7.08 21.7 — 43.0

Human moment arm from [26] — — — 43.9 51.8

Table 2.  Total stroke length for each configuration, maximum joint force for stair ascent and the maximum force in a constant moment 
arm joint with the same stroke length.

Joint configuration

Actuator stroke 

length (mm)

max (Fθ) 

(N kg−1)

max(Fconst) 

(N kg−1) % force change (%)

Patella on femur. Moving COR 86.4 24.4 26.7 −8.6

Patella on femur. Fixed COR 83.5 24.7 27.6 −10.5

Patella on tibia. Moving COR 90.1 22.5 25.6 −12.1

Patella on tibia. Fixed COR 83.0 23.6 26.2 −9.9

Bioinspir. Biomim. 13 (2018) 056012
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to 51.8 mm at 43.9◦ found in humans [26]. This 
design also had the lowest maximum cable force, for 
stair ascent, per unit bodyweight of 22.5 N kg−1. In 
both cases the biomimicking bicondylar joint, with 
a moving centre of rotation, allows a better fit to 
the human knee with a 30% and 20% reduction in 
absolute difference to the human knee moment arm, 
compared to a fixed centre of rotation, in the tibia and 
femur attached configurations, respectively.

For a sit-to-stand activity the maximum moment 
is required at the start of the process, when the flexion 
angle is close to 90◦, dropping off towards 0◦ [41]. For 
gait the maximum moment is required when the flex-
ion angle is 22◦ [7] and for stair ascent it is close to 60◦ 
[40]. This indicates that a large moment arm is most 
valuable in the mid range of joint motion, 20◦−90◦ 
of flexion. The smaller moment arm outside of this 
range reduces the stroke length required of the actua-

tor moving the tendons. This happens because a small 
moment arm requires a smaller amount of actuator 
movement for a given angle change. As a result, for 
stair ascent, it was possible to achieve a reduction in the 
required actuator volume of up to 12.1% compared to 
using a constant moment arm joint capable of lifting 
the same load. To put this in context, a 70 kg person 
would require an actuator with a peak force over 200 
N smaller by using the bicondylar joint for extension. 
Novel designs such as Martinez-Villalpando’s agonist-
antagonist knee [6], which uses a linear actuator and 
constant radius hub, would be able to use a smaller 
motor for the same performance by replacing the hub 
at the joint with the bicondylar design. The weight of 
a currently available commercial powered lower leg 
prostheses is 33% heavier than the human shank (see 
section 1.1). By using smaller actuators, designs such as 
those presented here could have the potential to reduce 

Figure 9.  Offline estimates of joint angle made using ligament stretch data while the joint was controlled using feedback from an 
encoder at the hip (See figure 7). The shaded areas give the standard deviation. (a) Extension ramp. (b) Flexion ramp. (c) Sinusoid.

Table 3.  Summary data for figure 9. Column 3 shows the mean squared error between the estimate of joint angle using the ligaments and 
the true joint angle (degrees2). Column 4 gives the control error (degrees2) for the joint when the encoder is used as the feedback to the PID 
controller. This last column can be compared to the control quality when the estimation using the ligaments is used as feedback to the 
controller. This is shown in table 4.

Test type Figure

Integral of squared error between 

estimated and real joint angle

Integral of squared error between 

real joint angle and target angle

Extension ramp 9(a) 0.61 (σ2 = 2.50 × 10−2) 1.88 (σ2 = 3.62 × 10−2)

Flexion ramp 9(b) 0.49 (σ2 = 5.67 × 10−2) 8.25 (σ2 = 9.37 × 10−3)

Sinusoid 9(c) 1.61 (σ2 = 1.25) 10.45 (σ2 = 2.02 × 10−1)
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this weight. At the same time, the gap in capability for 
high load tasks [16, 17] between intact and prosthetic 
limbs could be reduced.

A further benefit is that a moment arm that 
reduces close to maximum extension and flexion will 
reduce the magnitude of any moment attempting to 
hyperextend the joint. The ability of the joint to apply 
a moment reduces slowly towards the limits of its 
range rather than coming to a hard stop. As a result, a 
moment arm such as that shown in figure 8 will there-
fore exhibit improved safety for the same performance 
compared to a constant moment arm joint.

Using the same method described here it is possible 
to optimise the geometry, not for human moment arm 
matching, but for some other carefully selected objec-

tive. Future work will investigate whether improve-
ments to joint performance can be obtained this way.

4.2.  (ii) Ligament stretch for joint position 
estimation
This paper shows that ligament-like elastic elements in 
the joint can be used to estimate joint position (figure 
9) and that these estimates can be used to control the 
joint (figure 10). There was, however, a reduction in 
controller performance with an increase of integral of 
squared error (ISE) of between 1.4 and 5 times for the 
extension and sinusoid tests respectively. The largest 
impact of using the ligament stretch for position 
control was upon the consistency of the response with 
a 103 change in the variance in the case of flexion ramp.

An additional limitation was that the neural net 
had to be trained on the same test type as that on which 
it was to estimate the joint angle i.e. the joint estimator 
for the flexion ramp test will only work when the joint 
is moving at an almost constant velocity in that one 
direction. It was also found that when the estimator 
was used as the feedback to the controller small fluc-
tuations in the estimator were amplified by the control 
process which in turn induced larger than usual fluc-
tuating forces in the system. The estimator was sensi-
tive to these changing forces across the joint and its 
accuracy reduced. This explains why a controller using 

(a) (b)

(c)

Figure 10.  Control of joint angle using the mechanical ligament stretch data to estimate joint angle. The shaded area gives the 
standard deviation.

Table 4.  Summary data for figure 10. Shown below is the control 
error when the angle estimate using ligaments lengths, processed 
with the neural net, is used as feedback to the PID controller. This 
can be compared to the error when the encoder is used as feedback 
given in column 4 of table 3.

Test type Figure

Integral of squared 

error between real joint 

angle and target angle

Extension ramp 10(a) 2.57 (σ2 = 0.91)

Flexion ramp 10(b) 11.39 (σ2 = 12.53)

Sinusoid 10(c) 52.48 (σ2 = 3.05)
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this estimate was not able to follow the target path with 
a great deal of accuracy and, indeed, greater variance in 
control quality between individual tests was observed.

The sensitivity of the system to external forces on the 
joint is supported by previous work on the same first iter-
ation of the joint [33]. Additionally, although there is evi-
dence that ligament strain in humans and animals is used 
in control [25], studies have shown that deafferentation 
of ligament mechanoreceptors results in only a small loss 
in proprioception [42, 43]. This indicates that precise 
angle measurement using ligaments alone is unlikely.

However, the sensitivity of the ligament stretch 
measurements to external forces could well make it 
possible to use these measurements not for precise 
position estimation but, instead, for phase of gait 
and intent detection. The current state of the art is to 
perform this detection using IMU’s or force sensors 
alongside a classifier [44, 45]. Ligament stretch from 
the bicondylar knee might provide a viable alternative. 
This will be an area for future research.

5.  Conclusion

We have shown that it is possible to design a bicondylar 
joint with a similar moment arm profile to the human 
knee. This was done by adjusting only the patella and 
tendon attachment positions and without changing 
the geometry of the joint condyles themselves. The 
variable moment arm achieved here reduces the risk of 
hyperextension or sudden deceleration at the end of the 
joint range. At the same time the variable mechanical 
advantage produced means that the joint can be driven 
by linear actuators with a smaller volume than in a 
joint with a constant moment arm while achieving the 
same performance. One example application is to the 
agonist-antagonist knee from Martinez-Villanpando 
et al [6], which may see a reduction in motor mass by 
employing the biomimicking joint design.

Additionally, joint position estimation using the 
stretch in compliant ligaments has been performed 
in a bicondylar joint. This has been done successfully 
under tightly controlled conditions. The accuracy of 
the estimate was affected by both joint forces and the 
speed of movement and this negatively affected the 
quality of control that could be achieved.

The bicondylar joint described here has been 
designed with rolling, sliding, compliant and actua-
tion mechanisms inspired by the human knee. The 
current results could be significant in the future design 
and control of robotic knees for exoskeletons, prosthe-
ses and walking robots. By incorporating the bicondy-
lar joint into systems that are currently pin jointed, the 
minimum required actuator size can be reduced while 
still providing sufficient joint control thereby enabling 
a potential step-change in weight and efficiency for 
legged robotics.
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