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Keywords Abstract: Amputees face several gait deficits due to their mechanically passive
Control moment gyroscope, prostheses' lack of control and power. Of crucial importance among these deficits
Gait simulation, are those related to balance, as falls and a fear of falling can cause an avoidance of
Optimization, activity that leads to further debilitation. A transfemoral an artificial limb replaces a
Neuromuscular model, .. . .
Trans-femoral amputee, missing leg above the kn.ee. A transfemoral prosthems consists of a socket, knee,
Knee prosthesis shank, foot, and mechanism for the suspension. The current 3D neuromuscular
model of a healthy person in this study is adjusted to depict a transfemoral amputee
with a 3R60. The model is simulated by Matlab 2019b Simulink program with a
walking speed of 0.9 m/s and 1.2 m/s. The model's performance is assessed by
comparing the distinctions between the healthy model and the amputee to the
literature results. The amputee gait simulated is in keeping with the literature,
particularly at speeds of 1.2 m/s. The oscillations of the model in the coronal plane
are 0.9 m/s, indicating that balance is difficult to maintain. A case study was also
conducted with a gyroscope control moment in the prosthetic shank on fall
prevention. The gyroscope control moment enhances flexing the knee and extending
it to prevent a drop. The step was more balanced with the extra control time
whirligig at 1.2 m/s.

Yeni Diz Protezleri Gelistirmede Dinamik Yonlendirme (FD) Simiilasyonunun Rolii

Anahtar Kelimeler 0z: Ampiite bireyler mekanik olarak pasif protezlerinin kontrol ve gii¢ eksikliginden

Kontrol momenti jiroskopu, dolayi gesitli yliriime sorunlari ile karsi karsiyadirlar. Bu sorunlarin arasinda hayati

Yiriyus simiilasyonu, onem tasiyanlar ise denge ile ilgili olanlardir; zira diismeler ve diisme korkusu, daha

ggiﬁéﬁiiﬁ:; model ¢cok giic sarfi gerektiren aktivitelerden ka¢inmaya neden olabilmektedir.

Transfemoral ampl’jte', Transfemoral yapay bir uzuv, diz iistiinden eksik olan bir bacagin yerini almaktadir.

Diz protezi Bir transfemoral protez, bir yuva, diz, gévde, ayak ve siispansiyon mekanizmasindan
olusmaktadir. Bu ¢alismada, saglikli bir bireyin mevcut 3B néromiiskiiler modeli,
3R60’h bir transfemoral amplite bireyi betimleyecek sekilde uyarlanmistir. Bu
model, 0,9 m/s ve 1,2 m/s yiirlime hizlarinda Matlab 2019b Simulink programu ile
simiile edilmistir. Saglikli model ile ampiite model arasindaki farklar literatiir
sonuclariyla Kkarsilastirilarak modelin performansi degerlendirilmistir. Simiile
edilen ampiite ylriiytst, 6zellikle 1,2 m/s hizda literatiir ile uyyumlu bulunmustur.
Modelin koronal diizlemdeki salinimi 0,9 m/s’dir; bu da dengeyi korumanin zor
oldugunu gostermektedir. Diismeyi 6nleme konusunda protez bacakta bir jiroskop
kontrol momenti ile bir 6rnek calisma da yapilmistir. Jiroskop kontrol momenti,
diismeyi 6nlemek icin dizin esnemesini (biikiilmesini) ve uzamasini artirmaktadir.
1,2 m/s hizda donme hareketi (whirligig) i¢in atilan adim, ekstra kontrol stiresi
sayesinde daha dengeli olmustur.

1. Introduction amputees by 2030 [3]. Additionally, it has been

reported that about 93% of explosion injuries end
Diabetes mellitus, peripheral vascular diseases, with amputation [2]. The impact of an amputation
trauma, and explosion-related events increase the risk exceeds the health aspects to economic, mental, and
of amputation of lower extremities [1,2]. The list is top psychological aspects, especially in the low- and
by Diabetes mellitus, with an estimated 552 million middle-income countries [1,3,4]. In the past three
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decades, scientists made great efforts to innovate knee
prostheses that may alleviate the suffering of
transfemoral (TF) amputees. The well-known
microprocessor knee (MPK) such as Ossur Rheo the
Otto Bock C-leg, Blatchford's Orion, and Freedom
Innovations' Plié were easy to use and succeeded in
enhancing the stability and the safety. However, they
could not mimic the natural knee perfectly [5].

Literature showed that MPK led to several unwanted
outcomes among the transfemoral (TF) amputees,
such as high energy consumption compared to healthy
people [6-8] and asymmetric gait with the possibility
of developing osteoarthritis in the intact limb [9]. TF
amputees also experienced falling after trips and slips
because of losing control over their knees [10,11].
Therefore, the need for scientific experiments to
validate and evaluate the actual performance of all
newly developed knee syntheses is inevitable.
However, the validation processes are often iterative
and expensive in terms of time, effort, and money if
applied directly to practical experiences. An initial
evaluation of prostheses via forwarding dynamic (FD)
simulation is a valuable alternative that may reduce
the need to build different prototypes and use
participants for intermediate tests. Multiple studies
used FD simulation to evaluate a new knee prosthesis
[12-16]. Most of these studies compare the results
obtained from simulation to the available data of
healthy people, which seems logical as one would
want the FD simulation's gait to mimic the gait of
healthy people. However, there are several
shortcomings to the methods that were used. Several
studies use an optimal torque generator to drive the
model's joints. The primary purpose of this study is to
adjust the existing 3D neuromuscular model such that
it can be able to represent a TF amputee gait wearing
a commonly used prosthesis. The prosthesis is to be
selected Otto Bock's 3R60 knee prosthesis model, one
of the most sold knee prostheses in the Netherlands).
Then, the gait mechanics are simulated to evaluate its
resemblance to a real amputee. Forward dynamics
simulation can be valuable in the development
process. It may lead to a decrease in the need for
prototypes and tests. It also offers researchers
simulation opportunities to change the prosthesis's
design by analyzing various scenarios.

2. Material and Method
2.1. Development of 3D TF amputee model

In this study, we used MATLAB-Simulink [17] and
Neuromuscular Library to develop a 3D TF amputee
model. A control moment gyroscope (CMG) is
embedded in the model for the exploratory research
on fall prevention, controlled by using a low- and high-
level controller. (Figure 1). The 3D TF amputee model
consists of four elements: neurological, muscles,
skeleton, and the prosthesis controller. The knee is
modelled as three bodies representing the knee's
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physical components: Top, Body, and Bottom.
Geometric locations on each body define the body's
relation to each other. Fall prevention consists of three
main elements: the CMG, the CMG controller, and the
trip detector. The joint torques T;, calculated from the
muscle forces F™, determine how the skeleton moves.
Jointangles ¢; and muscle stimulations S;™ are used to
calculate muscle forces. The neurological controller
controls the muscle stimulations, calculating the
required stimulations based on trunk pitch and
angular velocity @HAT, trunk roll angle and angular
velocity @HAT , muscle lengths ¢7*, and forces ij.
Only the neurological controller gains are optimized
during gait optimizations. The distance walked Xy 47,
average velocity Vavg, the sum of stop torques Y, Ty, ;,
metabolic energy E,,,, and simulation time tg;,,, are all
used in the cost function. A CMG is added to prevent
falls. The controller cancels out the shank's angular
velocity wg during normal walking to minimize the
perturbation to the normal gait. Trip detection is
based on the magnitude of the anterior-posterior and
mediolateral local shank accelerations ||%, J||. If a trip
occurs, a gimbal motor torque 7, is applied, causing
the gimbal motor to rotate and the CMG to have a
gyroscopic moment, preventing a fall. The CMG
controller 7.y, gains are optimized during fall
prevention optimization to minimize the exchanged
angular momentum AH.

2.1.1. Musculoskeletal model

The Musculoskeletal model was adopted by Song and
Geyer’s model [18]. The model includes amputating
the right thigh and replacing the amputated side with
a prosthetic foot and shank. The amputated thigh is
shortened to match a TF amputation of 11 cm. The
model resembles a human with a length of 1.8 m and a
mass of approximately 77 kg, including the prosthetic
leg. The joint shave soft joint limits to prevent
violating anatomic joint limits. When a joint violates a
joint limit, a stop request is exerted on the joint to limit
further joint limit violations. Song and Geyer use a soft
knee joint limit of 5° [19]. However, during normal
gait, this limit is exceeded every gait cycle. So, the
model relies on the stopping torque tg; for further
joint limit violation.

2.1.2. Prosthesis model

The prosthetic leg consists of the Otto Bock’s 3R60
prosthetic knee, a shank, an ankle, and the foot. The
prosthetic shank is a rod with a similar center of mass
(COM) location as the intact shank. The prosthetic foot
is linked to the prosthetic shank via the prosthetic
ankle. This ankle is a simple revolute joint with high
stiffness, resembling a rigid ankle. The exact mass and
inertia of the prosthetic shank and foot are given in
Table 1. The 3R60 knee comprises five axes and two
hydraulic elements. The axes and hydraulic elements
are linked together so that the joint is polycentric and
has two degrees of freedom (DOFs). These two DOFs
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Figure 1. The amputee model is made up by 3 parts: the skeletal and prosthetic model, the muscle model, and the neurological
control model. The added control moment gyroscope (CMG) for the fall prevention case study is also depicted in the model

result in different behaviour for stance and swing
phases. One hydraulic element is only used during
stance phase flexion. The other hydraulic element is
mainly used during swing phase flexion. Therefore,
the elements have different stiffness and damping
characteristics. For the prosthesis model, a multi-body
model of the 3R60 knee created by Vandaele [18] is
used in Simulink.

2.1.3. Neurological control model

The neurological control model of Song and Geyer [18]
is used to control the muscles. The model is supposed
to control several gait functions via different reflex
modules. Examples of such functionalities are
realizing a leg at the landing and preventing knee
hyper-extension during stance. A significant circular
movement is expected because of the symmetric
model of an amputee. The targeted leg angle (TLA)
calculator is connected to the integrated lateral
positions to overcome this movement. Moreover, the
muscles in the amputated side provide insufficient leg
clearance information compared to the non-
amputated leg. Therefore, the distance between the
ankle and hip determines the leg length.

2.2. Control moment gyroscope

For the exploratory research on fall prevention after a
trip using a CMG, an obstacle was placed such that the
intact leg was tripped in the late swing while walking
1.2 m/s two essential procedures should be carried
out:
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2.2.1. Detection of trip (intact side)

The accelerometer was placed on the COM of the intact
shank for trip detection. The acceleration is sampled
at 1000 Hz and then filtered with a high pass and low
pass filter with a cut-off frequency of 3 Hz and 80 Hz
[22,19]. A simple detection algorithm to classify data
comes from acceleration as a trip when the values
exceed a certain threshold.

2.2.2. Overcoming of trip (prosthetic side)

Furthermore, a sensor was added to measure the
angular velocity of the COM of the prosthetic shank.
This sensor is also sampled at 1000 Hz. Finally, the
CMG added to the model is embedded in the prosthetic
shank. In this step, The CMG is attached below the
center of mass of the shank COMs as indicated in [19].

2.2.3. Mechanism of CMG action

According to the size of the CMG, the maximum torque
produced by the gimbal motor is set [20]. Therefore, it
is needed to reoptimize the muscle-reflex parameters
in the amputee gait with an inactive CMG, so it is
possible that the model can carry an additional mass.
In contrast, two high-level controllers and a feed-
forward term have controlled the torque produced by
the gimbal motor when the CMG is active. Therefore,
the following equation (1) is used to calculate the total
gimbal motor torque [21]:

Teu(t) = Is2(ws cos(y (1)) — wz(t) sin(y ())) +
T, (), if walking
{ Tr (), if trip. (1)
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2.3. Optimization

In this study, the covariance matrix adaption evolution
strategy (CMAES) algorithm was recruited to perform
an optimization algorithm [22]. Several parameters
were used to optimize the amputee's gait, including
the CMG fall prevention controller. In addition,
simulation of the model and costing of function was
performed. Data for simulation was sampled at 30 Hz.
However, data for the fall prevention optimization was
sampled at 1000 Hz. The following equation (2)
defines the cost function ] used for the optimization:

J=«a Em +pB |17 -V |
L ||AxC0M'AyCOM|| | e ref
Y
COT TVC
+y.Y1, +6 . :S—i’: — 1+ €.||[AH(D)||max (2)
3TC Jt Jan

CoT: Cost of transport; TVC: Target Velocity Cost; STC:
The Stop Torque Cost; Jt: The Time Cost; J,4: The Cost
of Maximum Exchanged Angular Momentum [22].

Furthermore, different rough terrains were created to
test amputee gait optimization. Finally, a self-collision
detector was joined to diagnose any collision between
the leg chips and stop the simulation when necessary.

2.4. Data processing

For the final gait evaluation, the simulation data
obtained from models walking 30s on the flat ground
were processed and compared. The acquired data
from the model is sampled at 1000 Hz. During post-
processing, the data is subdivided into several sections
corresponding to a stride. Next, the data underwent
linear interpolation, where each section included data
points with 0.5 % increments for 0 — 100 %. Then a
descriptive analysis was used to present the data as
mean and standard deviation (M+SD) per leg. The first
four steps are not considered.

2.5. Model validation

In this step, several parameters of the simulated gait
of the amputee and healthy model are compared to
check whether the model’s performance represents a
real amputee.

Descriptive analysis was performed, such as the mean,
average, and standard deviation of each parameter's
absolute symmetry index (ASI).

The mean was calculated by averaging the parameter
over all the strides. For the healthy model, the ASI was
defined as the difference between the left (L) and right
(R) leg gait parameter value of a certain stride: ASI =L
-R0.5(L +R) - 100 %. Consequently, the ASI would be
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positive values when the left side is larger than the
right side.

For the amputee model, the situation is different
because the right side is the prosthetic leg, and the left
leg is the intact one. Here we compared the
parameters of the gait simulation model having active
and inactive CMG. The outcome of the comparison may
show how much the active CMG can create
perturbation to the normal gait.

The healthy model was simulated based on Song and
Geyer’'s [18], with some exceptions, including
preoptimizing muscle reflex parameters and changing
the muscle expenditure model.

Three parameters, including the joint angles, joint
torques, and the ground reaction forces (GRF) used to
perform a correlation between the data of simulated
healthy gait and data of healthy experimental gait.

3. Results
3.1. Gait simulation

Figure 2(A) and Figure 3(A) present the average joint
angles, standard deviation, and the correlation values
resulting from the comparison of the data of the
healthy human model [23] and the healthy simulated
model walking with the same velocity (at 0.9 m/s and
1.2 m/s).

In contrast, Figure 2(B) and Figure 3(B) present the
average, standard deviation, and the correlation
values of the joint angles obtained from the simulation
of the prosthetic leg of the amputee model and the
intact leg walking at 0.9 m/s and 1.2 m/s.

The role of active and inactive CMG in controlling the
prosthetic leg was shown in Figures 4(A) and 4(B). In
addition, the average and standard deviation of the
joint angles resulted from the simulation amputee
model and intact leg walking on flat ground with 1.2
m/s in both active and inactive CMG (Figure 4-A &B).

3.2. Fall prevention using a control moment
gyroscope

The outcome of using the control moment gyroscope
(CMQ) in fall prevention is illustrated in Figure 5. The
data obtained CMG angle, angular velocity, torque, and
the exchanged angular momentum are averaged over
stride in two situations. Figure 5(A) presents the
model's data when it is just moving or walking. At the
same time, Figure 5(B) shows the successful fall
prevention expressed by the CMG fall prevention
controller after exposure to a trip. As shown in figure
5, about 7.1 s where the moment of collision with the
obstacle had occurred. However, the time fromt= 7.4
s and t = 7.9 s reported the activity of the fall
prevention controller.
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Figure 2. Average joint angles and standard deviation during a stride of (a) a healthy model (My) compared to
data from Fukuchi (Fy) [23] and (b) for the intact (I) and prosthetic (P) leg of the amputee model walking on
flat ground with 0.9 m/s.
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Figure 3. Average joint angles and standard deviation during a stride of (a) a healthy model (My) compared to
data from Fukuchi (Fy) [23], and (b) for the intact (I) and prosthetic (P) leg with active CMG of the amputee
model walking on flat ground with 1.2 m/s
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Figure 4. Average joint angles and standard deviation during a stride of (A) for the intact (I;;) and prosthetic (P¢;) with
inactive CMG, and (B) for the intact (Ic4) and prosthetic (P¢4) leg with active CMG of the amputee model walking on flat
ground with 1.2 m/s.
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Table 1. Shows the results of model validation obtained from the simulations of the Healthy model (intact leg) and amputee
model (Prosthesis leg). The average and standard deviation parameters include stance time, swing time, double stance time,
step time, and step length

09m/s 1.2m/s
Mean ASI Mean ASI
Mn 0.69 (0.01) 0.23 (1.47) 0.61 (0.00) -0.12 (0.72)
1 0.92 (0.01) 48.60 (0.65) 0.67 (0.01)
P 0.59 (0.00) 0.49 (0.00) 2626 (0.65)
tse (s) I 0.65 (0.08)
P 0.64 (0.02) 786 (9:69)
Ica 0.68 (0.09)
Pca 0.63 (0.02) 1372 (11.31)
Mu 0.48 (0.00) -0.03 (1.37) 0.49 (0.00) 0.13 (0.71)
I 0.35 (0.00) - 64.28 (1.19) 0.37 (0.00) )
P 0.72 (0.01) 0.52 (0.01) 36.61(0.86)
tw () I 0.47 (0.01) ]
P 0.53 (0.06) 1262 (13.23)
Ica 0.43 (0.01)
Pca 0.55 (0.07) "15.58 (11.84)
Mn 0.09 (0.00) -0.31 (1.85) 0.08 (0.00) 0.05 (1.82)
I 0.08 (0.00) -17.56 (1.49) 0.07 (0.00)
P 0.09 (0.00) 0.05 (0.00) 26:37 (3.71)
tos (s) Iai Pal 0.10 (0.01)
Pa Ica 0.08 (0.01) 2260 (1313)
Ica Pa 0.09 (0.02)
Pca Ica 0.06 (0.01) 3178 (1514)
Mn 0.63 (0.01) 017 (1.11) 0.53 (0.00) 0.16 (0.42)
I 0.48 (0.00) -57.03 (1.29) 0.48 (0.00) )
P 0.79 (0.01) 0.59 (0.01) 2785 (089)
ts (s) Iai 0.53 (0.01)
Pa 0.59 (0.07) 8.35(1027)
Ica 0.57 (0.02)
Pca 0.58 (0.08) 1146 (11.78)
Mn 0.52 (0.01) 0.49 (2.94) 0.65 (0.01) -0.36 (1.75)
I 0.44 (0.00) -51.28 (1.21) 0.58 (0.01) )
p 0.71 (0.00) 0.73 (0.00) 21.94 (1.69)
£5(s) Ia 0.67 (0.12) i
Pa 0.73 (0.03) 7.64 (581)
Iea 0.66 (0.13)
Pca 0.65 (0.04) 2:47 (13.63)
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Figure 5. Amputee model walking with CMG at 1.2 m/s with (a) the average data for the control moment gyroscope during a
stride, and (b) the control response for successful fall prevention. The moment of collision (Col.) with the obstacle is around t =
7.2 s. The time the fall prevention response is active (Act.) are indicated in the fall prevention plots, which is betweent=7.4s

andt=7.9
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Table 2. Shows the descriptive analysis (the average and standard deviation) of all parameters and the ASI resulting from

the simulations of the healthy and amputee models
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09m/s 1.2m/s
Mean ASI Mean ASI
My 1.21 (0.08) -1.23 (7.93) 1.02 (0.02) 0.31 (1.44)
Pamax I 2.07 (0.07) - 2.87 (0.06) -
(W/kg) Lo 2.91 (0.51) -
Ica 2.65 (0.60) -
My -0.31 (0.02) 2.19 (10.39) -0.33 (0.02) -1.04 (6.79)
I -0.35 (0.01) 13.31 (1.89) -0.51 (0.01)
, P -0.31 (0.01) -0.19 (0.01) 101.87 (4.92)
Xb
Lo -0.34 (0.06)
(Ns/ke) Pai -0.24 (0.05) 3179 (21.63)
Ica -0.31 (0.06)
Pca -0.23 (0.06) 5488 (36.24)
My 0.23 (0.01) -1.89 (7.16) 0.27 (0.01) 0.42 (4.58)
I 0.69 (0.01) 151.82 (1.06) 0.42 (0.01)
» P 0.08 (0.00) 0.19 (0.01) 73.14(3.76)
Xp
lai 0.45 (0.03)
(Ns/ke) Pai 0.23 (0.02) 7271 (13.14)
Ica 0.44 (0.05)
Pca 0.17 (0.03) 7174 (11.81)
My 5.92 (0.05) 0.15 (1.04) 5.48 (0.04) -0.12 (1.03)
I 8.14 (0.07) 51.63 (0.84) 6.25 (0.05)
» P 1.76 (0.03) 432 (0.04) 3739 (0.95)
: Lo 5.89 (0.69)
(Ns/kg) Pu 5.01 (0.10) 15.46 (9.32)
Ica 6.23 (0.77)
Pca 5.02 (0.12) 1937 (12.09)

4, Discussion and Conclusion

In this study, a 3D neuromuscular model was
readjusted to mimic TF amputee wearing the Otto
Bock 3R60 knee prosthesis. The simulation outcome
showed a similarity between the amputee gait and the
gait of a TF amputee when walking at a velocity of 0.9
m/s and 12 m/s. However, asymmetric
characteristics and contra-lateral vaulting were also
reported in TF amputees. Likewise, to the findings of
[24], the vaulting characteristic was also seen in the
maximum ankle power through a single stance. In our
study, we found that the intact ankle of a TF amputee
showed greater vaulting characteristics than the ankle
in healthy humans. Moreover, the vaulting
characteristic appeared in the simulated gait and for
both velocities (0.9 m/s and 1.2 m/s).

Similar to findings reported by [25,26], the simulated
amputee gait showed similar positive or negative
asymmetry at the velocity of 1.2 m/s. The stance time
was longer in the intact leg than in the prosthetic leg,
while the step length, step time, and the swing time
were longer in the prosthetic leg than in the intact leg.
Regarding the ASI and the change in ASI between
different velocities, the magnitude was more
significant than the results reported by [25,26].

In fact, the simulated gait moving at the velocity of 0.9
m/s reported deviations compared to earlier studies.
Considering the stance time when the model is
stepping from the prosthetic leg onto the intact leg,
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our findings agreed with Nolan [25], where the stance
time has doubled. However, Schaarschmidt [26] found
that stance time has doubled if the model steppes from
the intact leg to the prosthetic leg.

Furthermore, we found that the average anterior-
posterior propelling impulse was smaller in the
prosthetic leg than the braking impulse. Such a finding
was in line with that mentioned by Nolan [25], but was
opposite to findings mentioned by [26].

Different velocities showed various changes in the
asymmetry values. In our study, the change in
asymmetry for swing time was two times longer than
the result reported by [25]. The change in the
asymmetry of both stance and step time was much
more significant than the result of [25,26].

Another finding was related to the mean impulse
asymmetries of the simulation, which were dissimilar
across different velocities. However, [25,26] reported
that in the simulation, the mean impulse asymmetries
were similar across all velocities [25,26].

In this study, except for the joint torque correlation,
the values for the joint angle and GRF correlation
factor in the simulated healthy gait at 1.2m/s were
similar to those produced by [18]. In contrast, except
for the hip abduction angle correlation, all other
correlation factors were worse in the simulated
healthy gait at 0.9 m/s. Similar to findings reported by
[18], we also found that the difference in joint torque
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correlation is quite similar. The reason behind such
findings may be attributed to changes in the soft joint
limit, which causes different joint torques. Moreover,
the ankle joint was designed as a 1 DOF revolute joint,
which justifies the reason behind the low correlation.

The simulated gait of the amputee and healthy model
reported different results from the previously
published research at the velocity of 0.9 m/s [25,26].
It is most probably related to simplification
procedures in the coronal plane. The consequences
were difficulties in controlling balance at the lower
velocities. Despite the optimization procedures to
produce an optimal gait, the designed model lacks the
human factor, which may result in some deviation
from reality. Similarly, [26] reported that amputees
are most likely to be cautious when stepping with the
prosthetic leg [26] compared to models with no fear
and no cautions.

Although the 3R60 prosthetic knee showed similar
characteristics to findings reported by [27], the
maximum swing-phase flexion was lower than [27] at
0.9 m/s and 1.2 m/s. The 3R60 prosthetic knee seems
sensitive and adequately accurate to simulate the gait
of a TF amputee.

Among the problems experienced in the model was
the difficulty in the lateral control. This problem arose
when we compared the gait simulations on rough
terrain and changed the model. The solution to such a
problem was to reoptimize the gait parameters.

In conclusion, the features of the 3D neuromuscular
simulated gait of the TF amputee model wearing the
Otto-bock 3R60 knee prosthesis coincides with
previously discussed models, especially when the
model is moving at the velocity of 1.2 m/s. However,
when the velocity comes down to 0.9 m/s, the model
may complain of some deviations in the amputee and
the healthy model, which requires further research in
modelling muscle structure and nerve control of
humans. Furthermore, the embedded control moment
gyroscope prevented falls after a trip and improved
the gait symmetry at a velocity of 1.2 m/s.
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