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Abstract: Crouch gait is a motor complication that is commonly associated with cerebral palsy, spastic
diplegia, stroke, and motor-neurological pathologies, broadly defined as knee flexion in excess of 20°
in the gait cycle. Uncorrected crouch gait results in fatigue, joint degradation, and loss of ambulation.
Torsion springs have been used in cycling to store energy in the knee flexion to reduce fatigue in
the quadriceps during knee extension. SolidWorks was used to design a passive exoskeleton for the
knee, incorporating torsion springs of stiffnesses 20,000 N/mm and 30,000 N/mm at the knee joint,
to correct four different crouch gaits. OpenSim was used to gather data from the moments produced,
and knee angles from each crouch gait and the normal gait. Motion analysis of the exoskeleton was
simulated using knee angles for each crouch gait and compared with the moments produced with the
normal gait moments in the stance phase of the gait cycle. All crouch gait moments were significantly
reduced, and the correction of peak crouch moments was achieved, corresponding to the normal
gait cycle during the stance phase. These results offer significant potential for nonsurgical and less
invasive options for wearable exoskeletons in crouch gait correction.

Keywords: crouch gait; torsion springs; knee exoskeleton; stance phase; gait rehabilitation

1. Introduction

Crouch gait is defined as flexion in excess of 20° during the stance phase of the gait
cycle [1,2]. Crouch gait is common in those with severe diplegia or spastic quadriplegia
caused by conditions such as cerebral palsy (CP), stroke, multiple sclerosis (MS), and
other neurological disorders. The causes of crouch gait include contracted hamstrings,
contracted hip flexors, impaired balance, foot deformities, impaired proprioception, and
muscle weakness [3,4]. In addition, excessive flexion occurs during the stance phase of
the gait cycle, resulting in the degradation of joints, pain, and loss of ambulation over
time [4-6].

There are two major phases of the normal gait cycle: the stance phase and the swing
phase. The stance phase is the point of the heel strike to toe-off, which occurs from 0% to
60% of the gait cycle [7]. The swing phase is defined as the point from toe-off from the
previous phase at 60% of the gait cycle to the follow up heel strike at 100% of the gait cycle.
Figure 1 describes the normal knee angle throughout one complete gait cycle for the right
knee, where normal knee angles provided by OpenSim 4.3 were plotted with respect to the
proportion of the gait cycle.

The knee angle for the normal gait cycle (red) is compared to four different crouch
gaits. The normal rotation of the knee ranges between —2.27° and —58.25°. For each crouch
gait, the joint rotation has a severe limitation in the range of motion. As a result, the knee
cannot overcome extreme flexion during the stance phase, which ends at approximately
60% of the gait cycle.

The knee extension and flexion are generated by force actuation in the quadriceps and
hamstrings. Ganjwala et al. notes that an imbalance in these results in a deviation of gait,
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resulting in flexed knee gait (FKG) or crouch gait, wherein excessive flexion occurs during
the stance phase of the gait cycle [5]. The acceleration of the gluteus maximus and vasti
are responsible for knee extension; thus, lower velocities inhibit knee extension [8]. Causes
of FKG include hamstring shortening, fixed flexion deformity of the knee, quadriceps
weakness, patella tendon lengthening, and soleus weakness. Due to the quadriceps having
to work constantly to stabilize the knee, as opposed to a short duration during a normal
gait, FKG causes high energy consumption, resulting in fatigue. Inefficiency in gait is well
documented [9-12]. Complications of uncorrected crouch gait result in increasing load on
the knee joint [2,13] which likely causes knee pain [5,14,15] and joint deterioration [2,16,17].

Normal knee angle wrt proportion of gait cycle

Swing phase

:
>
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04 05 ose 07 os 09 10

00 0.1 02 03

Knee angle (degrees)
b o E
o

Proportion of gait cycle

Figure 1. Normal knee angle (red curve) by phase of gait cycle with respect to proportion of gait
cycle. The black arrows represent the duration of the stance phase from 0.0 to 0.6 proportion of the
gait cycle, and the swing phase from 0.6 to 1.0 of the gait cycle.

The stance phase of the gait cycle is the weightbearing portion of the gait cycle. When
the foot maintains contact with the ground, the weight bearing axis should align centrally
from the ankle through the knee [18] to the hip. In crouch gait, the weightbearing axis
shifts to the posterior of the knee [19]. Tibiofemoral forces corresponding with ground
reaction force peaks in the stance phase of the gait cycle are more than double [13] in crouch
gait compared to unimpaired gait, depending on the severity of the crouch gait [2]. In
crouch gait, Steele et al. attributed the increasing tibiofemoral force to increased force in
the quadriceps throughout the stance phase. Additionally, crouch gait severity results in
increased patellofemoral contact pressures, as well as the location [13] of the patellofemoral
contact pressure. Li et al. discussed altered tibiofemoral kinematics and the resulting
increased posterior translation of the tibia with increasing flexion and the correlation to
knee pathology with increasing patellofemoral contact pressures [20] and hypothesized that
balancing hamstrings and quadriceps forces could reduce patellofemoral contact pressure.

In many cases, crouch gait is a result of torsional deformities [17,21], which tends to
cause either an inward or outward position of the feet and ankles. Often, rigid ankle-foot
orthoses (AFOs) are used to aid in the rehabilitation of people affected by gait deviation.
Bregman et al. studied the effects of using torsional springs in the ankles in stroke and
multiple sclerosis patients [22] to achieve an energy efficient gait. Some AFOs incorporating
torsion springs in the ankles show improvement of moments and flexion in the knee;
however, these did not improve knee angles to normal values [23].

Robotic or powered exoskeletons have the potential to improve gait movement and
the overflexion of the knee [4]. Lerner et al. described the benefit of a motorized version
of a lower-extremity assistance device through strengthening the knee extensors and
improving posture during the gait cycle that encouraged broader participation of the knee
extensors throughout the stance phase of the gait cycle. While strength training of the knee
extensors [24], especially in those with a hamstring length within the range for normal
walking, has the potential for gait improvement, motorized assistive devices throughout
the gait cycle provide for a more optimum improvement in these muscle functions [4].
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The majority of noninvasive, nonsurgical correction is through motorized lower limb
exoskeletons that reduce the overall flexion of the knee in the stance phase of gait, while
encouraging a greater range of motion. The objective of this project is to develop a lower
limb exoskeleton for rehabilitative purposes, and to perform a comparative dynamic
analysis on the functionality of the exoskeleton with applied forces and torques as a result
of several crouch gaits. We seek to develop a passive model rather than a motorized
exoskeleton, using torsional springs, to off-load excessive forces [25] generated during
the stance phase of gait. While research indicates that most complications occur at the
ankle, and ideally, an entire lower limb exoskeleton would be preferential, the objective is
to analyze the results of offloading forces in a small portion of the leg, to be less invasive on
the overall lower extremity [26], and to reduce the risk of abandonment of the device [27].
A comparative analysis between the passive and motorized knee exoskeleton is conducted.
This paper focuses on developing the mathematical model for determining segmental
moments and applying data obtained through biomechanical human modeling software of
crouch gait, to determine the effectiveness of a passive knee exoskeleton in the correction
of four different crouch gaits.

2. Design and Methods

The process for design and simulation is summarized in Figure 2, wherein the ex-
oskeleton was modelled to incorporate torsion springs in gait correction. Data was collected
on all crouch gaits and the normal gait for purposes of a dynamic motion analysis, followed
by the sensitivity analysis and optimization of parameters to adjust the design as necessary.

CAD
Modeling

Dynamic Analy}
Final Design
@/ity analysis

Optimization

Figure 2. Schematic for overall process of exoskeleton design.

2.1. Mathematic Model of Human Gait

The equations of motion for the gait cycle were determined using the Euler-Lagrange
method. The lower extremity was modelled as three hinged rigid rods. In the stance phase
of the gait cycle, the ground reaction forces (GRFs) are variable, based on the weight of the
subject, speed, and type of gait, whereas the GRFs in the swing phase are zero for lack of
contact with the ground. To account for this variability in the GRFs, Lagrange analyzes
the energy in the system. Since the human gait is cyclical, it is assumed that energy in the
system is conserved; thus, Equation (1) was used to determine the angular accelerations for

the hip, knee, and ankle joints.
d (oL oL
—(=]-==0 1
dt <aql> 8ql ( )
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where £ represents the differences in the kinetic and potential energies in the system with
respect to the generalized velocities (g;), and displacements (g;) for i variables in the
system. The thigh, shank, and foot were modeled as three hinged rods at each respective
joint, as seen in Figure 3a.

« Joint

markers
|V @ Link mass center
| markers

® ——— Thigh

. mg(x3,¥3)
6,6 '@
Foot &

(a) (b)

Figure 3. Figures for representation of (a) links, joints, and centers of mass for the leg segments and

(b) corresponding free body diagram.

The three degrees of freedom (DOF) model can be seen in Figure 3b, with the origin
at the top of the model, fixed to the upper body, wherein the motion for the upper body is
considered negligible for the gait cycle. Translation and rotation are considered in the kinetic
energies of the system with gravitational potential energy, and are converted to the general-
ized coordinates vy, 3, 0, representing the angular displacements of the hip, knee, and ankle,
respectively. The resulting equations of motion are given in Equations (2)-(4), where the

angular accelerations of the hip, knee, and ankle are represented by 7, B, and 6, respectively.

Ot iyl | feos(y — ) = psin(y — ) (3 B) — bsin(y — B)| + mylrts | eos(y — ) — psin(s — B) (7= B) — isinty — )

+0.436mlrly {Gsin('y —-0) (# - 0> — fcos(y — 6) + Ysin(y — 6)} + gl (m + ms + myg)siny

v= 12.(0.9482m1 + ms + my) @
Ol |feos(y = B) — isin(y = B) (1= B) + ibsin( — )| +mytrts scostr ) isinty = B) (= B) + isincy — )|
+0.436 m sl {écos(ﬁ —6) — 6sin(B — 6) (/5 - é) + Bosin(B — 9)} + gl (ms +my)sinB
p= 12(1.5295mg + my) ©)
{0.436mfzszf {Bcos(ﬁ — ) — psin(p—0) (5 - é) + pésin(p— 9)} +0.436ml7l; {"ysin(’y —9) (w - 9) — Scos(y — 6) + 4sin(y — 9)} }
. +msglesing (4)

0.7133m ﬂ%

The masses of each segment are represented as mr, mg, and m £r for the thigh, shank,
and foot, respectively. Additionally, the lengths for the thigh, shank, and foot are repre-
sented by It, Is, and ! iz For more details on the derivation of the equations of motion,
please see Appendix A. The masses and lengths for the thigh, shank, and foot are de-
termined by gait kinematic variables during the gait cycle. The gait kinematic variables
include the extent, speed, and direction of movement of joints or leg segments shown in
Figure 3. Determining the mass moments of inertia in calculating the rotational kinematic
energy, the centers of mass were determined by considering the proportional distance from
the proximal joint for the right thigh, right shank, and right foot, as outlined in Table 1.
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Table 1. Parameters for proportional distance from the proximal joint to the segmental mass center.

Segment Proximal Joint to Mass Center
Thigh 0.430
Shank 0.443
Foot 0.436

2.2. OpenSim 4.3: Gait Cycle Simulation

OpenSim was used to show the two phases of the gait cycle. As seen in Figure 4, the
gait cycle is separated by the weightbearing phase in the right leg for the first 60% of the
gait cycle [7], followed the non-weightbearing swing phase in the final 40%.

Stance phase Swing Phase

Heel strike Load Midstance (10%-30%) Terminal stance (30%-— Pre-swing (50%-— Initial Swing  Mid Terminal
(0%) Response 50%) 60%) (70%) Swing Swing
(0%-10%) (80%) (90%)

Figure 4. An OpenSim generated diagram for the stance and swing phase of the gait cycle.

Four versions of the crouch gait common in sufferers of cerebral palsy [2,4,5] were
compared with that of a normal gait in OpenSim 4.3, to determine if the current model of the
exoskeleton could potentially offload forces and stresses in the knee to aid in non-invasive
correction of the crouch gait. In this paper, OpenSim 4.3 is used to establish parameters
for testing the exoskeleton design. OpenSim is an opensource biomechanical software
used to model human body dynamics, which incorporates musculoskeletal systems for
different segments of the human body. It comes with several preloaded models and motions,
including a leg, arm, and an entire body for modeling gait.

2.3. SolidWorks: Modeling and Motion Analysis

Two methods (passive only, and passive with motorized knee angle correction) were
used to determine the best options for offloading forces generated in the crouch gaits.
The initial conditions were taken from the data obtained from OpenSim, to determine the
effectiveness of the current iterations, by conducting a dynamic force analysis in SolidWorks
and comparing it to the normal gait cycle. A motor was incorporated into the design and
was used to control the knee angle. The first method used data points given from the
angular range of motion in the knees of each crouch gait from OpenSim that were extracted
and converted to comma-separated value (CSV) files and uploaded into the function
builder for the motor in SolidWorks, as indicated in Figure 5. The function builder plotted
displacement, velocity, acceleration, and jerk for the exoskeleton, given the crouch gait and
normal gait parameters. This was used to model the crouch gait behavior of the leg, in
conjunction with the exoskeleton. The tendon forces acting in the knee for each crouch gait
were plotted and extracted as CSV files, which were uploaded as force parameters to act
on the exoskeleton through the gait cycle. The stiffness values for the torsion spring were
adjusted to prevent extreme flexion on the knee during crouch gait. The second method
motorizes the exoskeleton itself. Data points acquired from the angular range of motion for
the knee of the normal gait were input into the motor, while importing data points for the
tendon forces acting from the knee of the crouch gait.



Appl. Sci. 2022,12, 7034 6 of 15

t=0s d=-59.863deg BREL t-0sv= -138.606deg/s
1
4
g |
= 60,0 100.01 &
z ‘ = | Time (s) \I
= =2 T VA \
g / 8 | 02 o4Vo0g, 08 10
2 -65.0 o ¥ A
ES 3 if N Vo
[ ) 3 1l W
= V]
-79.0 -100.01/ |
00 02 04 06 08 10 H
Time (s) _200_01
t=0s a=-23.666deg/s"2 t = 0s j = -15550.522deg/s*3
20000.0+ i
] 4
4 ]
] 1
= | 2000000.04
‘g 10000.07 Time (s) = | Time (s) 1
i +
s .02 , o, Bl oo -3 til o2 o 0#40 0
5 T Mfl AT g *—TM* weih
€ 7 3 i | ‘
S -10000.01 = |
g | -2000000.07
< + |
| 1
-20000.07 |

Figure 5. SolidWorks function builder used for angular displacement of the knee for crouch gait 1.

The first two iterations of the knee exoskeleton involve a frame where, when paired
with lightweight fabric, the thigh support rests on the posterior of the thigh, such that
interference with the quadriceps is minimal, as shown in Figure 6a,b. To limit over-flexion
of the knee during the stance phase, torsional springs were used in the knee joint. Flexion
of the ankle occurs during flexion of the knee. By reducing the flexion of only the knee,
the goal is to naturally reduce the flexion of the ankle; however, the ankle and plantar
dorsiflexion have not been addressed by any iteration of the exoskeleton. The parameters
for design involved finding the average circumferences for the thigh [28] and the calf, as
seen in Table 2, to determine the best fit for the exoskeleton. In addition, adjustments were
made to account for the incorporation of fabric, for additional comfort to the wearer.

Thigh support Thigh support

Torsion
springs
Torsion springs

Anchor

Anchor block block

Dual sliding
Dual sliding knee knee joint

joint

Shank support

(@) (b)

Figure 6. Two iterations of the passive exoskeleton where the thigh support should sit behind the

thigh, and (a) shank support is worn in front of the leg, (b) shank support is worn behind the leg.
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Table 2. Design parameters used to determine dimensions of wearable exoskeleton.

Segment Circumference (cm)
Thigh 39.5
Shank 52.0

The first iteration was designed solely to be worn around the posterior of the leg. The
second iteration was designed to support the back of the thigh, with the portion below the
knee to be worn around the shin. Each iteration incorporates torsional springs to inhibit
flexion of the knee.

After the determination of parameters in OpenSim to be used in the spring and
motor components of the exoskeleton, placements had to be determined, and the data
points uploaded to SolidWorks. This process was used for both passive and motorized
components of the exoskeleton. While motors were used in both, for the passive element,
the motor merely simulated the knee rotation of each crouch gait. In the motorized version
of the exoskeleton, the motor serves as a corrective component by increasing the range of
motion through the angles of the knee in the normal gait cycle. The final design, shown in
Figure 7a,b incorporates through-holes for straps to attach to the leg, as well as additional
springs to adjust for differing circumferences of the leg.

(a) (b)

Figure 7. The final design of the exoskeleton (a) in its entirety and (b) a close up of the adjustable
mechanism for leg circumference.

Figure 8a displays a comparison of the right knee moment produced throughout the
gait cycle, by plotting the sum of the moments for the muscles involved in knee extension,
including vastus intermedius, vastus lateralis, vastus medialis, and rectus femoris. The
green curve shows these moments for the normal gait. The blue curve is for the first crouch
gait. The orange curve represents the second crouch gait. The yellow curve represents
the third crouch gait, while the purple curve represents the fourth crouch gait. Significant
moments are produced, and they remain high or have limited range in crouch gaits 1 and
4, compared to that of the normal gait. Crouch gaits 2 and 3 peak in the stance phase,
rather than in the swing phase of the gait cycle. They each begin with high moments
compared to that of the normal gait, as a result of ankle dorsiflexion in the stance phase.
Additionally, as shown in Figure 8b, the forces generated in the knee during the stance
phase are significantly higher in each of the crouch gaits, compared to that of the normal
gait. These forces remain high in both phases of the gait cycle.
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Figure 8. Graphs of (a) the moments generated in the knee throughout the gait cycle; (b) total active
and passive fiber forces generated in the knee extensors.
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3. Results
3.1. Passive Correction (Torsion Spring Only)

For the normal stance phase of the gait cycle, the maxima and minima occur at 14%
and 40%, respectively. As seen in Figure 9a, the maximum moment generated in the
stance phase is 212,194.5 Nmm, and the minimum moment generated is 177,850.8 Nmm.
The incorporation of torsion springs of 20 k Nmm/deg showed an overall reduction in
the moments generated across all crouch gaits. CG2 (red curve) and CG4 (purple curve)
showed the greatest overall improvements in the stance phase of the gait cycle, in terms of
trend. The CG2 maximum stance phase moment occurred at 12% at 118,782.2 Nmm, while
the minimum occurred at 36% at 106,115.8 Nmm. The CG4 maximum stance phase moment
occurred at 12% with 93,155.4 Nmm, and the minimum occurred at 40%, at 75,131.9.

x10° x10°

N
EN
N
1S

/ N\ ™\
22 22 — / NEZA
2 2 / \
18 18 ‘
£16 Ets
Eqa Eia
z" z-
12— =12
@ o
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5 5 —CG1
=08 =08 ——CG2
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0 . g g : 0
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Proportion of gait cycle Proportion of gait cycle
(a) (b)

Figure 9. Graphs of the moments generated in the knee throughout the gait cycle, using:
(a) 20 k Nmm/deg torsion springs and (b) 30 k Nmm/deg torsion springs.

Torsion springs at 30 k Nmm/deg significantly reduced moments in the stance phase
in all crouch gaits except for CG 1 (blue curve) in Figure 9b. The peak moments trended
toward the unimpaired (normal) gait curve in CG2 (red curve) and CG4 (purple curve). CG2
showed peak stance phase moments at 12% with 140,307.0 Nmm, and 36% at 127,834.0. The
peak moments in CG4 occurred at 12% at 154,915.8 Nmm, and at 40%, at 105,117.9 Nmm.
All crouch gaits, regardless of spring stiffness, require improvement in the swing phase
of the gait cycle. A significant adjustment of peak moments and their occurrences in the
stance phase of the gait cycle across all gaits are noticeable with both the 20 k Nmm/deg
and 30 k Nmm /deg torsion springs when compared to each uncorrected crouch gait.
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3.2. Passive Elements with Motorized Angular Correction

Simulating a motor with the range of motion parameters for that of the normal knee
angles, torsion springs of 20 k Nmm/deg showed drastic drops in moments from the origi-
nal crouch gaits. However, each crouch gait showed improvements in the graphical trend,
with peak moments in the stance phase at 12%, and minima at 40%. As seen in Figure 10a,
the maximum and minimum moments in CG2 (red curve) occurred at 51,730.6 Nmm
and 42,701.4 Nmm, while the CG1 (blue curve) moments occurred at 51,566.5 Nmm and
42,9319 Nmm, and the CG4 (purple curve) moments occurred at 51,238.6 Nmm and
40,5353.9 Nmm.

x10° %105
24 24f
2.2 / e 22}
2 y,/ \ y 2 | ) /
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E‘-G = £165 —co61
z 14 —C61 Z14 —ce2
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0.4 0.4
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Proportion of gait cycle Proportion of gait cycle
(a) (b)

Figure 10. Graphs of passive elements with motorized angular knee correction using (a) 20 k Nmm/deg
torsion springs and (b) 30 k Nmm/deg torsion springs.

Results using the 30 k Nmm/deg torsions indicated further improvements in moment
patterns generated in the stance phase across all CGs. Figure 10b displays the moments
generated with the CG2 (red curve) peaks at 12% at 64,240.4 Nmm, while CG1 (blue curve)
peaks at 12% at 64,088.1 Nmm. CG4 peaks at 12% in the gait cycle at 63,784.0 Nmm. At
40% of the gait cycle, the minimum for CG1 was 44,058.2 Nmm, CG2 was 43,828.5 Nmm,
and CG 4 was 41,670.9 Nmm. All crouch gaits require improvement in the swing phase.
Applying the combination of motorized components with the passive elements, a shift in
moment trends occurs, which more closely aligns with those of the normal gait cycle in the
stance phase.

3.3. Gap Analysis of the Data

A summary of the data is found in Tables 3 and 4. Table 5 contains data from the
normal gait cycle. The noticeable differences between the human gait simulations and the
simulations conducted in SolidWorks are attributed to the physical differences between the
simulations. All data was imported into SolidWorks from OpenSim. The integration of data
elements between SolidWorks and OpenSim have limited the current simulation results, in
that the segmental masses are not included in the SolidWorks simulations. Additionally,
for the development of the exoskeleton and the performance of dynamic analyses of the
exoskeleton, it was necessary to anchor the shank support to the program floor for the
purposes of knee extensor force actuation. These are notable limitations between the
program simulations, making true gait simulation more difficult but as accurate as possible
with respect to human knee rotation. The moments generated are directly proportional to
the angular accelerations and the mass moments of inertia. For the purposes of creating
motion within the exoskeleton, the total fiber forces generated in the knee extension were
imported into SolidWorks onto the thigh support of the device, and in the direction of the
forces at t = 0. These forces were applied onto the relevant portions of the thigh support in
the direction of the knee extensor force actuation. The distributed masses of the exoskeleton
with respect to the axis of rotation are very small [29] when compared with the distributed
masses of each moving segment on the human body. Additionally, the applied force is
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located on the thigh support at a close proximal distance to the mass center of the thigh.
This results in a lower mass moment of inertia with the exoskeleton segments, directly
impacting on the outcome of the moment generated [30] in the exoskeleton simulation,
given the same range of motion of the human knee. It is expected that for the moments
generated when segmental masses and fiber forces are incorporated into an integrated
simulation of the leg in conjunction with the exoskeleton, the stance phase moments will
increase toward that of the normal gait cycle.

Table 3. Moment maxima taken from simulations for each crouch gait.

Torsion

Motorized Torsion Motorized

h&iﬁ::ﬁg Springs 20 k O/CO}CIET: Correction 20 "/(o:}C,?.Ce;it Springs 30 k O/COSC?? Correction 30 (?:}C,ialit
Nmm/Deg k Nmm/Deg Nmm/Deg k Nmm/Deg
CG1 112,117.5 40 51,566.5 12 201,854.6 60 64,088.1 12
CG2 118,782.2 12 51,730.6 12 140,307.0 12 64,240.4 12
CG3 77,376.4 20 49,834.2 12 111,187.3 20 62,483.8 12
CG4 93,155.36 12 51,238.6 12 154,915.8 12 63,784.0 12
Table 4. Moment minima taken from simulations for each crouch gait.
Minimam o DEONe GA orhona G itk RO Crehona (oGt
Nmm/Deg yele k Nmm/Deg yele Nmm/Deg yele k Nmm/Deg yele
CG1 103,800.8 60 42,931.9 40 179,830.6 60 44,058.2 40
CG2 106,115.8 36 42,701.4 40 127,834 36 43,828.5 40
CG3 72,958.89 52 40,303.2 40 103,772.2 52 41,439.1 40
CG4 75,131.99 40 40,535.92 40 105,117.9 40 41,6709 40

Table 5. Moment maximum, minimum, and their corresponding percentage occurrences within the
normal gait cycle.

Normal Gait Maximum Moment  %Gait Cycle = Minimum Moment  %Gait Cycle

212,194.5 14 177,850.8 40

4. Discussion

Crouch gaits vary widely based on the causal injury or pathology, making gait patterns
difficult to define. For example, crouch gaits may be caused in individuals with cerebral
palsy, which in and of itself has numerous subclassifications, depending on the area of
the brain impacted, as well as how extensive the hemiplegic, paraplegic, or quadriplegic
damage is. Additional causes include traumatic brain injury, stroke, and other neurological
problems, as well as bone deformities. Correction may involve numerous treatment plans,
including corrective orthotic devices and/or surgery. One problem with surgical treatment
is that in many cases, the outcome is unknown as to whether or not the gait will improve [31].
One common surgical technique is the lengthening of hamstrings, which may improve
certain aspects of gait, such as in the knee or ankle; however, surgical treatment has the
potential to cause additional problems [8].

Winters et al. helped to define gait patterns in those with spastic hemiplegia that were
placed into four separate groups. Comparisons with joints angles in the ankles, knees,
and hips, and common symptoms, differentiated between the groups. When comparing
these graphs with the knee angles produced in each crouch gait produced in OpenSim,
only crouch gaits 3 and 4 contained similarities between two of the groups in Winters’
assessments. In these cases, the optimum improvement came with surgical procedures for
lengthening the hamstrings. In many cases, even after surgery, the results of hamstring
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lengthening were inconsistent or did not work at all [14]. The incorporation of the torsional
spring was able to counter the excessive flexion moments produced [32] by applying the
stored energy from knee flexion to provide the necessary knee extension [33].

While these results are promising, torsion springs alone do not provide enough
correction. With the passive elements alone, the reduction in moment was one component
of correction; however, we saw that there needed to be a shift in the occurrence of the
peak moments. There was no improvement in CG1 overall, while CG3 still had peak
moments occurring at 20% and 52%. CG2 and CG4 benefitted the most from the passive
elements because peak moment occurred at 12% for both CG2 and CG4, and 36% and 40%,
respectively, in the gait cycle. These gaits either did not change or were near to that of the
normal gait before and after motorized angular correction.

Passive components [34-37] are often used in gait rehabilitation to reduce the energy
costs of task-specific [38] elements of everyday life such as walking [39], running [40], and
the sit-to-stand transfer [41]. Regardless of pathology or injury, the restoration of efficient
gait has been extensively researched. Often, these elements are bespoke [41] and dependent
upon the affected muscle groups and joints [24,42,43]. Since gait kinematics vary with
different types of crouch gaits and the source of crouch gait, it may be necessary to tailor
torsion spring stiffnesses based on the individual needs of the subject and the severity of
knee flexion. Common factors in crouch gait include shortened or tight hamstrings, and
quadriceps weakness as a result of constant flexion in the knee throughout the stance phase
of the gait cycle. Chaichaowarat et al. established that incorporating torsion springs in a
knee exoskeleton in cycling helped to balance the workload between the quadriceps and
the hamstrings [25,31]. The torsion spring stored energy from knee flexion to aid in knee
extension, reducing effort of the quadriceps while increasing effort of the hamstrings [24,31].
Since cycling involves extreme knee flexion, it was expected that comparable results might
be achieved in individuals suffering from crouch gait. As seen in the results, a motorized
component is necessary to aid in crouch gait rehabilitation. Ideally, the incorporation of a
lightweight, noninvasive, robotic element in knee angle correction is advisable. This work
is an incremental step in crouch gait correction in the stance phase. As such, we seek to
address the swing phase in crouch gait, as well as advancements in robotic elements of the
knee exoskeleton.

5. Conclusions

The gait cycle is composed of two major phases; the stance phase and the swing
phase, with subphases defined within each. The stance phase comprises 60% of the gait
cycle, while the swing phase comprises the final 40% of the gait cycle. The crouch gait is
defined by excessive flexion of the knee during the stance phase of the gait cycle. Factors
affecting crouch gait are numerous, but they are seen especially in those with cerebral palsy.
Excessive flexion in the knee results in the degradation of joints and mobility over time,
resulting in a complete loss of ambulation if left untreated. Exoskeletons for rehabilitative
purposes are common for many such injuries and complications of the leg. While many
exoskeletons are motorized for assistive mobility, the incorporation of passive elements
was sought, to reduce the cost of the exoskeleton. Most exoskeletons are designed to be
worn on the lower extremity, to correct ankle and hip rotation.

SolidWorks was used to model a lower limb exoskeleton to counter the reaction forces
produced in the knee for four different types of crouch gait. The exoskeleton was modeled
using the average circumferences for the thigh and shank and was modeled using passive
elements to reduce cost and to reduce invasiveness, to keep the exoskeleton lightweight.
Since ankle flexion is more pronounced during knee flexion, the team sought to explore the
implications of the device for use solely on the knee. Torsional springs were incorporated
to inhibit the overflexion of the knee during the stance phase of the gait cycle. Dampers
were included, to reduce the recovery force of the spring entering the swing phase of the
gait, to prevent a forced overextension of the knee.
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To establish the parameters for testing the exoskeleton, OpenSim 4.3 was used. The
angles of rotation during the gait cycle were plotted for four different crouch gaits and
compared to the normal gait. Excessive forces, as well as moments, are produced in the knee
because of excessive flexion during the stance phase of the gait cycle. The data points from
the forces and moments were exported as CSV files and applied to the exoskeleton, first
incorporating only passive elements through the use of torsional springs while simulating
the knee rotation of the four crouch gaits.

The gait cycle was set to 1s, to analyze the proportion of the gait cycle, in Solid-
Works. Results from the passive elements indicated the greatest improvements with both
20 k Nmm/deg and 30 k Nmm/deg in CG2 and CG4. The 30 k Nmm/deg torsion spring
simulations showed little to no improvement in CG1. The 30 k Nmm/deg torsion springs
showed the greatest overall trend toward the normal gait, while the 20 k Nmm torsion
springs showed minor improvements over all crouch gaits, except for CG1 in the stance
phase. The swing phase requires further improvement in all crouch gaits.

In the second round of testing, a motor was incorporated to drive the exoskeleton
using the normal range of motion of the knee, while simulating forces on the exoskeleton
from each crouch gait. All results showed the same trends as the normal knee angular
displacement; however, using different spring stiffnesses resulted only in a change of
magnitude of the moments generated. Thus, it was determined that the best results
would involve the incorporation of both passive and motorized elements while driving the
exoskeleton, using the normal range of motion in the knee for both angular and moment
correction in the crouch gait.

6. Future work

While the results for stance phase correction are promising, it is necessary to address
the swing phase of the gait cycle, as well as to integrate passive and motorized correction to
ensure a smooth transition from the stance phase to the swing phase. Future work involves
the development of a multi-functional, multipurpose robotic exoskeleton to address crouch
gait problems that occur throughout the lower limbs, including the hips and ankles.

Author Contributions: Conceptualization, K.B.B. and H.H.; data curation, K.B.B. and H.H.; formal
analysis, K.B.B.; investigation, K.B.B. and H.H.; methodology, K.B.B. and H.H.; project administration,
C.-H.G,; resources, C.-H.G. and A.L; software, K.B.B. and H.H.; supervision, C.-H.G. and A.L;
validation, C.-H.G. and A.L; writing—original draft preparation, K.B.B.; writing—review and editing,
C.-H.G. and A.I. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to express their special thanks to Joni Hill and Carlos
Ramirez-Ortiz for their insightful comments and discussions.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The derivations for the governing equations are as follows:
Position:
x1 = 0.430Ipsiny

xy = Ipsiny — 0.443Igsin
x3 = Iysiny — Igsinf + 0.436l ¢sinb
y1 = 0.430lrcosy
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Y2 = lrcosy + 0.443lscos
y3 = lrcosy + Iscosp + 0.4361 scosd

Velocity:
x1 = 0.4307Ircosy

Xy = qlrcosy — 0.443Blgcosp
X3 = qlrcosy — Blscosp + 0.436élfc059
y1 = —0.430ylysiny
Yy = —lpsiny + 0.443plgsinp
X3 = —lysiny + Blgsinp — 0.43691fsin9
L=T-V

where T is the total translational and rotational energy in the system, and V is the total
potential energy in the system.

T= Z%mi(ki +3,)" + Z%MZ
where « is used generally to represent the angular velocities of each segment.
Ip = Legment + mjr*
where 7 is the distance from the proximal joint to the center of mass for each segment. After
appropriate substitutions with generalized coordinates and trigonometric identities, the

total translational kinetic energy is:

Tyx = 0.09245m7122
1 20 2o L
Ty = 5ms | 717 + B 1§ — 0.8869plrlscos(y — B)

1 20 | 52 12 0s
Tae = ymyg |7 1+ B 12 4 0.1906 13 — 29Blrlscos(y — p)
+O.872"y€ZTlfcos('y —0) — 0.8729,Blslf605(,3 - 9)}
The total rotational energy becomes:

1. 1.
Ty, = gfymTl% + Efy2mT(o.4301T)2

1. 1.2
Ty = gﬁmszg + 5B ms(0.43315)*

1, 12 2
Ty, = <Oyl + 20 my (04361

The constants to be squared are the relative distances from the proximal joint to the
center of mass.

The potential energy in the system is the gravitational potential energy; thus:
Vi1 = mrglrcosy
Vo = mgg(lrcosy + Igcosp)

V3 =msg (ZTCOS’)/ + Iscosp + lfc059>
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The Langrangian must be solved for each variable in the system to determine the
governing equations.

d(ary _or_av
it\o7v) 9y oy

d (o1 _or _av
o) B P

dt
d (0T\ oT 9V
dt ( 20 ) L a0
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