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Abstract: Crouch gait is a motor complication commonly associated with cerebral palsy, spastic di-

plegia, 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 ambula-

tion. Torsion springs have been used in cycling to store energy in 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 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 moments produced with the 

normal gait moments in the stance phase of the gait cycle. All crouch gait moments were signifi-

cantly reduced, and the correction of peak crouch moments was achieved corresponding to the nor-

mal gait cycle during the stance phase. These results offer significant potential for nonsurgical and 

less invasive options for wearable exoskeletons in crouch gait correction. 
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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. Causes of couch 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 degradation of joints, pain, and loss of ambulation over time [4,5,6].  

There are two major phases of the normal gait cycle: the stance phase and the swing 

phase. The stance phase is the point of 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 pro-

portion of the gait cycle.  

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 May 2022                   doi:10.20944/preprints202205.0402.v1

©  2022 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202205.0402.v1
http://creativecommons.org/licenses/by/4.0/


 

 

Figure 1. Normal knee angle by phase of gait cycle with respect to proportion of gait 

cycle . 

Figure 1 shows as a proportion of the gait cycle for purposes of understanding knee 

flexion during each phase of the gait cycle.  The knee angle for the normal gait cycle (red) 

is compared to four different crouch gaits. Normal rotation of the knee ranges between -

2.27° and -58.25°. For each crouch gait, the joint rotation has a severe limitation in range 

of motion. As a result, the knee cannot overcome extreme flexion during the stance phase 

of the gait cycle, which ends at about 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 deviation of 

gait resulting in flexed knee gait (FKG) or crouch gait, wherein excessive flexion occurs 

during the stance phase of the gait cycle [5]. 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 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 increases the load 

on the knee joint [13,2] which likely causes knee pain [5,14,15]and joint deterioration 

[2,16,17]. 

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 and 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 in-

creased patellofemoral contact pressures as well as location [13] of patellofemoral contact 

pressure. Li et. al discussed altered tibiofemoral kinematics and resulting increased pos-

terior 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 rehabilitation of people affected by gait deviation. Breg-

man et. al. studied the effects of using torsional springs in the ankles in stroke and multi-

ple 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, how-

ever 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 a motorized version of a 
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lower-extremity assistance device, through strengthening the knee extensors and improv-

ing posture during the gait cycle that encouraged broader participation of the knee exten-

sors throughout the stance phase of the normal gait cycle. While strength training of the 

knee extensors [24], especially in those with hamstring length within range for normal 

walking has potential for gait improvement, motorized assistive devices throughout the 

gait cycle provide for more optimum improvement in these muscle functions [4]. 

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 larger range of motion. The objective of this project is to develop a lower limb 

exoskeleton for rehabilitative purposes and 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 the majority of complications occur at the ankle, and ide-

ally 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 reduce risk of abandonment of the device [27]. A comparative 

analysis between passive and motorized knee exoskeleton is conducted. This paper fo-

cuses 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 dif-

ferent crouch gaits.   

 

2. Design and Methods 

The process for design and simulation is summarized in Figure 2 wherein the exo-

skeleton 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 fol-

lowed by the sensitivity analysis and optimization of parameters to adjust the design as 

necessary.  

  
 

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, type of gait, whereas the GRFs in the swing phase are zero for lack of con-

tact with the ground. To account for this variability in the GRFs, Lagrange analyzes the 
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energy in the system. Since 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

𝑑𝑡
(

𝜕ℒ

𝜕𝑞̇𝑖
) −

𝜕ℒ

𝜕𝑞𝑖
= 0       (1) 

 

Where 𝓛 represents the difference in kinetic and potential energies in the system with 

respect to the generalized velocities (𝑞̇𝑖), and displacements (𝑞𝑖) 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.   

 
 

(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 degree 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 con-

sidered negligible for the gait cycle. Translation and rotation are considered in the kinetic 

energies of the system with gravitational potential energy and converted to the general-

ized coordinates 𝛾, 𝛽, 𝜃, representing the angular displacements of the hip, knee, and an-

kle 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 𝛾̈, 𝛽̈, and 𝜃̈, respec-

tively. 

𝛾̈ =

{
0.443𝑚𝑠𝑙𝑇𝑙𝑆 [𝛽̈ cos(𝛾−𝛽)−𝛽̇ sin(𝛾−𝛽)(𝛾̇−𝛽̇)−𝛾̇𝛽̇ sin(𝛾−𝛽)̇ ]+𝑚𝑓𝑙𝑇𝑙𝑆[𝛽̈ cos(𝛾−𝛽)−𝛽̇ sin(𝛾−𝛽)(𝛾̇−𝛽̇)−𝛾̇𝛽̇ sin(𝛾−𝛽)̇ ]

+ 0.436𝑚𝑓𝑙𝑇𝑙𝑓[𝜃̇ sin(𝛾−𝜃)(𝛾̇−𝜃̇)−𝜃̈ cos(𝛾−𝜃)+𝛾̇𝜃̇ sin(𝛾−𝜃)̇ ]+𝑔𝑙𝑇(𝑚𝑇+𝑚𝑆+𝑚𝑓)𝑠𝑖𝑛𝛾
}

𝑙𝑇
2(0.9482𝑚𝑇+𝑚𝑆+𝑚𝑓)

   (2) 

𝛽̈ =

{
0.443𝑚𝑆𝑙𝑇𝑙𝑆 [𝛾̈ cos(𝛾−𝛽)−𝛾̇ sin(𝛾−𝛽)(𝛾̇−𝛽̇)+𝛾̇𝛽̇ sin(𝛾−𝛽)̇ ]+𝑚𝑓𝑙𝑇𝑙𝑆[𝛾̈ cos(𝛾−𝛽)−𝛾̇ sin(𝛾−𝛽)(𝛾̇−𝛽̇)+𝛾̇𝛽̇ sin(𝛾−𝛽)̇ ]

+0.436 𝑚𝑓𝑙𝑆𝑙𝑓[𝜃̈ cos(𝛽−𝜃)−𝜃̇ sin(𝛽−𝜃)(𝛽̇−𝜃̇)+𝛽̇𝜃̇̇̇
sin(𝛽−𝜃)]+𝑔𝑙𝑆(𝑚𝑆+𝑚𝑓)𝑠𝑖𝑛𝛽

}

𝑙𝑆
2(1.5295𝑚𝑆+𝑚𝑓)

   (3) 

𝜃̈ =

{
0.436𝑚𝑓𝑙𝑆𝑙𝑓 [𝛽̈ cos(𝛽−𝜃)−𝛽̇ sin(𝛽−𝜃)(𝛽̇−𝜃̇)+𝛽̇𝜃̇ sin(𝛽−𝜃)̇ ]+0.436𝑚𝑓𝑙𝑇𝑙𝑓[𝛾̇ sin(𝛾−𝜃)(𝛾̇−𝜃̇)−𝛾̈ cos(𝛾−𝜃)+𝛾̇𝜃̇ sin(𝛾−𝜃)̇ ]

+ 𝑚𝑓𝑔𝑙𝑓𝑠𝑖𝑛𝜃
}

0.7133𝑚𝑓𝑙𝑓
2   (4) 

The masses of each segment are represented as 𝑚𝑇 , 𝑚𝑆, and 𝑚𝑓, for the thigh, shank, and 

foot respectively. And the lengths for the thigh, shank, and foot are represented by 

𝑙𝑇 , 𝑙𝑆 , and 𝑙𝑓. For more details on derivation of the equations of motion, please see Appen-

dix A. Since gait kinematics vary the masses and lengths are left as constants to be deter-

mined. 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. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 May 2022                   doi:10.20944/preprints202205.0402.v1

https://doi.org/10.20944/preprints202205.0402.v1


 

Table 1. Design parameters used to determine dimensions of wearable exoskeleton. 

Segment Circumference (cm) 

Shank 39.5 

Thigh 52.0 

 

2.2. OpenSim 4.3: gait cyle 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%.    

 

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 some 

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 that 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.  

 

2.2. 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 ef-

fectiveness 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 rand 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 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 in the crouch gait cycles. 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.   
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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 that, when paired 

with lightweight fabric, the thigh support rests on the posterior side of the thigh, such that 

interference with the quadriceps is minimal as shown in Figures 6a and 6b. 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 flexion of only the 

knee, the goal is to naturally reduce flexion of the ankle, however ankle and plantar dor-

siflexion has not been addressed by any iteration of the exoskeleton. The parameters for 

design involved finding average circumferences for the thigh [28] and the calf, as seen in 

Table 1, to determine the best fit for the exoskeleton. In addition, adjustments were made 

to account for the incorporation of fabric for more comfort to the wearer. The first iteration 

was designed to solely 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.  
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(a) (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 

 

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 up-

loaded 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 by a proportion of the gait cycle. 

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 (9), 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 7a 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, 
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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 remain high or have limited range in crouch gaits 1 and 4 

compared to that of the normal gait. Crouch gait 2 and 3 peak in the stance phase rather 

than 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 forces generated in the knee during the stance phase are signifi-

cantly 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. 

 

  

(a) (b) 

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. 

3. Results 

3.1. Passive correction (torsion spring only) 

For the normal stance phase of the gait cycle, maxima and minima occur at 14% and 

40%, respectively. As seen in Figure 9a, the maximum moment generated in the stance 

phase is 212194.5 Nmm and the minimum moment generated is 177,850.8 Nmm. The in-

corporation of torsion springs of 20k Nmm/deg showed an overall reduction in moments 

generated across all crouch gaits. CG2 (red curve) and CG 4 (purple curve) showed the 

greatest overall improvement in the stance phase of the gait cycle in terms of trend. CG2 

maximum stance phase moment occurred at 12% at 118,782.2 Nmm while the minimum 

occurred at 36% at 106,115.8 Nmm. CG4 maximum stance phase moment occurred at 12% 

with 93,155.4 Nmm and the minimum occurs at 40% at 75,131.9.  

 

  

(a) (b) 

Figure 9. Graphs of the moments generated in the knee throughout the gait cycle using: (a) 20k 

Nmm/deg torsion springs and (b) 30k Nmm/deg torsion springs. 
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Torsion springs at 30k Nmm/deg significantly reduced moments in the stance phase in all 

crouch gaits except for CG 1 (blue curve) in Figure 9b. Peak moments trended toward the 

unimpaired (normal) gait curve in CG 2 (red curve) and CG 4 (purple curve). CG2 showed 

peak stance phase moments at 12% with 140,307.0 Nmm and 36% at 127,834.0. Peak mo-

ments 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 is noticeable with both the 20k Nmm/deg and 30k 

Nmm/deg torsion springs when compared to each uncorrected crouch gait. 

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 20k Nmm/deg showed drastic drops in moments from the orig-

inal crouch gaits. However, each crouch gait showed improvements in graphical trend 

with peak moments in the stance phase at 12% and minima at 40%. As seen in Figure 10a, 

maximum and minimum moments in CG2 (red curve) occurred at 51,730.6 Nmm and 

42,701.4 Nmm, while CG 1 (blue curve) moments occurred at 51,566.5 Nmm and 42,931.9 

Nmm and CG4 (purple curve) moments occurred at 51,238.6 Nmm and 40,5353.9 Nmm, 

 

 

  

(a) (b) 

Figure 10. Graphs of passive elements with motorized angular knee correction using (a) 20k 

Nmm/deg torsion springs and (b) 30k Nmm/deg torsion springs. 

 

Results using the 30k Nmm/deg torsions indicated further improvement in moment 

patterns generated in the stance phase across all CGs. Figure 10b displays moments gen-

erated with 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 that 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 Table 2 and 3. The noticeable differences between 

the human gait simulations and the simulations conducted in solid works are attributed 

to the physical differences between the simulations. All data was imported into Solid-

Works from OpenSim. As such simulations were conducted with no segmental masses 

within the system. Moments generated are directly proportional to the angular accelera-

tions and the mass moments of inertia. For purposes of creating motion within the exo-

skeleton the total fiber forces generated in knee extension were imported into SolidWorks 
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onto the device and in the direction of the forces at t=0. As such, the exoskeleton mass is 

very small when compared with the masses of each moving segment. This results in a 

lower mass moment of inertia with the exoskeleton segments, directly impacting the out-

come of the moment generated in the exoskeleton simulation. It is expected that the mo-

ments generated when segmental masses and fiber forces are incorporated into an inte-

grated simulation of the leg in conjunction with the exoskeleton, that the stance phase 

moments will increase toward that of the normal gait cycle. 

 

Table 2. Moment maxima taken from simulations for each grouch gait. 

Maximum 

moments 

Torsion 

springs 20k 

Nmm/deg 

%gait  

cycle 

Motorized 

correction 

20k 

Nmm/deg 

%gait 

cycle 

Torsion 

springs 30k 

Nmm/deg 

%gait  

cycle 

Motorized 

correction 

30k 

Nmm/deg 

%gait  

cycle 

CG1 112117.5 40 51566.5 12 201854.6 60 64088.1 12 

CG2 118782.2 12 51730.6 12 140307.0 12 64240.4 12 

CG3 77376.4 20 49834.2 12 111187.3 20 62483.8 12 

CG4 93155.36 12 51238.6 12 154915.8 12 63784.0 12 

 

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

Minimum 

moments 

Torsion 

springs 20k 

Nmm/deg 

%gait  

cycle 

Motorized 

correction 

20k 

Nmm/deg 

%gait  

cycle 

Torsion 

springs 30k 

Nmm/deg 

%gait  

cycle 

Motorized 

correction 

30k 

Nmm/deg 

%gait  

cycle 

CG1 103800.8 60 42931.9 40 179830.6 60 44058.2 40 

CG2 106115.8 36 42701.4 40 127834 36 43828.5 40 

CG3 72958.89 52 40303.2 40 103772.2 52 41439.1 40 

CG4 75131.99 40 40535.92 40 105117.9 40 41670.9 40 

 

Table 4. Moment maxima taken from simulations for each grouch gait. 

Normal gait Maximum moment %gait cycle Minimum Moment %gait cycle 

 212194.5 14 177850.8 40 

 

4. Discussion 
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Different crouch gaits have been extensively difficult to define because of the various 

natures of causes. 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 im-

pacted as well as how extensive hemiplegic, paraplegic or quadriplegic damage is done.  

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 gait will improve [29]. One 

common surgical technique is lengthening of hamstrings, which may improve certain as-

pects of gait such as in the knee or ankle, however surgical treatment has the potential to 

cause additional problems [8]. 

Winters et al. helped 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 gait 3 and 4 contained similarities between two of the groups in Winters’ assess-

ments. In these cases, optimum improvement came with surgical procedures for length-

ening the hamstrings. In many cases even after surgery, results of hamstring lengthening 

were inconsistent or did not work at all [14]. The incorporation of the torsional spring was 

able to counter excessive flexion moments produced in the [30] by applying the stored 

energy from knee flexion to provide necessary knee extension [31]. 

While these results are promising, torsion springs alone do not provide enough cor-

rection. With 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 peak mo-

ments. There was no improvement in CG 1 overall, while CG 3 still had peak moments 

occurring at 20% and 52%. CG 2 and CG 4 benefitted the most from the passive elements 

because peak moment occurrences at 12% for both and 36% and 40%, respectively, in the 

gait cycle. These gaits either did not change or were near that of the normal gait before 

and after motorized angular correction.  

Since gait kinematics vary with different types of crouch gaits and source of crouch 

gait, it may be necessary to tailor torsion springs based on the individual needs of the 

subject and the severity of knee flexion. As seen in the results, a motorized component is 

necessary to aid in crouch gait rehabilitation. Ideally, incorporation of a lightweight, non-

invasive, robotic element in knee angle correction, is advisable. This work is an incremen-

tal step in crouch gait correction in the stance phase. As such, we seek to address the swing 

phase in crouch gait as well as advancement 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. Crouch gait is de-

fined by excessive flexion of the knee during the stance phase of the gait cycle. Factors 

affecting crouch gait are numerous but are seen especially in those with cerebral palsy. 

Excessive flexion in the knee results in degradation of joints and mobility over time, re-

sulting in 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, it was sought to incorporate passive 

elements to reduce cost of the exoskeleton. Most exoskeletons are designed to be lower 

extremity worn, to correct ankle and hip rotation.  

SolidWorks was used to model a lower limb exoskeleton to counter reaction forces 

produced in the knee for four different types of crouch gait. The exoskeleton was mod-

elled using average circumferences for the thigh and shank and was modelled using pas-

sive elements to reduce the cost and to reduce invasiveness physiologically to keep the 
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exoskeleton lightweight. Most exoskeletons are designed to be lower-extremity worn to 

correct ankle and hip rotation. 

SolidWorks was used to model a lower limb exoskeleton to counter reaction forces 

produced in the knee for four different types of crouch gait. The exoskeleton was modeled 

using average circumferences for the thigh and shank and was modeled using passive 

elements to reduce cost and to reduce invasiveness physiologically to keep the exoskele-

ton 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 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. 

To establish parameters for testing the exoskeleton, OpenSim 4.3 was used. The an-

gles of rotation during the gait cycle were plotted for four different crouch gaits and com-

pared 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 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 SolidWorks. 

Results from the passive elements indicated greatest improvements with both 20k 

Nmm/deg and 30k Nmm/deg in CG2 and CG4. The 30k Nmm/deg torsion spring simula-

tions showed little to no improvement in CG1. The 30k Nmm/deg torsion springs showed 

greatest overall trend toward the normal gait, while the 20k Nmm torsion springs showed 

minor improvement 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 mag-

nitude of the moments generated. Thus, it was determined that best results would involve 

incorporating 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 crouch 

gait. 
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The derivations for the governing equations are as follows: 

Position: 

𝑥1 = 0.430𝑙𝑇𝑠𝑖𝑛𝛾 

𝑥2 = 𝑙𝑇𝑠𝑖𝑛𝛾 − 0.443𝑙𝑆𝑠𝑖𝑛𝛽 

𝑥3 = 𝑙𝑇𝑠𝑖𝑛𝛾 − 𝑙𝑆𝑠𝑖𝑛𝛽 + 0.436𝑙𝑓𝑠𝑖𝑛𝜃 

𝑦1 = 0.430𝑙𝑇𝑐𝑜𝑠𝛾 

𝑦2 = 𝑙𝑇𝑐𝑜𝑠𝛾 + 0.443𝑙𝑆𝑐𝑜𝑠𝛽 

𝑦3 = 𝑙𝑇𝑐𝑜𝑠𝛾 + 𝑙𝑆𝑐𝑜𝑠𝛽 + 0.436𝑙𝑓𝑐𝑜𝑠𝜃 

 

Velocity: 

𝑥1̇ = 0.430𝛾̇𝑙𝑇𝑐𝑜𝑠𝛾 

𝑥2̇ = 𝛾̇𝑙𝑇𝑐𝑜𝑠𝛾 − 0.443𝛽̇𝑙𝑆𝑐𝑜𝑠𝛽 

𝑥3̇ = 𝛾̇𝑙𝑇𝑐𝑜𝑠𝛾 − 𝛽̇𝑙𝑆𝑐𝑜𝑠𝛽 + 0.436𝜃̇𝑙𝑓𝑐𝑜𝑠𝜃 

𝑦1̇ = −0.430𝛾̇𝑙𝑇𝑠𝑖𝑛𝛾 

𝑦2̇ = −𝛾̇𝑙𝑇𝑠𝑖𝑛𝛾 + 0.443𝛽̇𝑙𝑆𝑠𝑖𝑛𝛽 

𝑥3̇ = −𝛾̇𝑙𝑇𝑠𝑖𝑛𝛾 + 𝛽̇𝑙𝑆𝑠𝑖𝑛𝛽 − 0.436𝜃̇𝑙𝑓𝑠𝑖𝑛𝜃 

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 = ∑
1

2
𝑚𝑖(𝑥̇𝑖 + 𝑦̇𝑖)

2 + ∑
1

2
𝐼𝛼̇2 

Where α is used generally to represent the angular velocities of each segment. 

𝐼0 = 𝐼𝑠𝑒𝑔𝑚𝑒𝑛𝑡 + 𝑚𝑖𝑟
2 

Where r 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 kenetic energy: 

𝑇1𝑘 = 0.09245𝑚𝑇𝑙𝑇
2𝛾2 

𝑇2𝑘 =
1

2
𝑚𝑆[𝛾̇2𝑙𝑇

2 + 𝛽̇2𝑙𝑆
2 − 0.886𝛾̇𝛽̇𝑙𝑇𝑙𝑆cos (𝛾 − 𝛽)] 

𝑇3𝑘 =
1

2
𝑚𝑓[𝛾̇2𝑙𝑇

2 + 𝛽̇2𝑙𝑆
2 + 0.190𝜃̇2𝑙𝑓

2 − 2𝛾̇𝛽̇𝑙𝑇𝑙𝑆 cos(𝛾 − 𝛽) + 0.872𝛾̇𝜃̇𝑙𝑇𝑙𝑓cos (𝛾 − 𝜃)

− 0.872𝜃̇𝛽̇𝑙𝑆𝑙𝑓cos (𝛽 − 𝜃)] 

The total rotational energy becomes: 
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𝑇1𝑟 =
1

6
𝛾̇𝑚𝑇𝑙𝑇

2 +
1

2
𝛾̇2𝑚𝑇(0.430𝑙𝑇)2 

𝑇2𝑟 =
1

6
𝛽̇𝑚𝑆𝑙𝑆

2 +
1

2
𝛽̇2𝑚𝑆(0.433𝑙𝑆)2 

𝑇1𝑟 =
1

6
𝜃̇𝑚𝑓𝑙𝑓

2 +
1

2
𝜃̇2𝑚𝑓(0.436𝑙𝑓)2 

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

mass. 

The potential energy in the system is gravitational potential energy, thus: 

𝑉1 = 𝑚𝑇𝑔𝑙𝑇cos𝛾 

𝑉2 = 𝑚𝑆𝑔(𝑙𝑇cos𝛾 + 𝑙𝑆𝑐𝑜𝑠𝛽) 

𝑉3 = 𝑚𝑓𝑔(𝑙𝑇cos𝛾 + 𝑙𝑆𝑐𝑜𝑠𝛽 + 𝑙𝑓𝑐𝑜𝑠𝜃) 

The langrangian must be solved for each variable in the system to determine the 

governing equations.  

𝑑

𝑑𝑡
(

𝜕𝑇

𝜕𝛾̇
) =

𝜕𝑇

𝜕𝛾
−

𝜕𝑉

𝜕𝛾
 

𝑑

𝑑𝑡
(

𝜕𝑇

𝜕𝛽̇
) =

𝜕𝑇

𝜕𝛽
−

𝜕𝑉

𝜕𝛽
 

𝑑

𝑑𝑡
(

𝜕𝑇

𝜕𝜃̇
) =

𝜕𝑇

𝜕𝜃
−

𝜕𝑉

𝜕𝜃
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