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Abstract

:

Crouch gait is one of the most common gait abnormalities; it is usually caused by cerebral palsy. There are few works related to the modeling of crouch gait kinematics, crouch gait analysis, and visualization in both the workspace and joint space. In this work, we present a quaternion-based method to solve the forward kinematics of the position of the lower limbs during walking. For this purpose, we propose a modified eight-DoF human skeletal model. Using this model, we present a geometric method to calculate the gait inverse kinematics. Both methods are applied for gait analysis over normal, mild, and severe crouch gaits, respectively. A metric-based comparison of workspace and joint space for the three gaits for a gait cycle is conducted. In addition, gait visualization is performed using Autodesk Maya for the three anatomical planes. The obtained results allow us to determine the capabilities of the proposed methods to assess the performance of crouch gaits, using a normal pattern as a reference. Both forward and inverse kinematic methods could ultimately be applied in rehabilitation settings for the diagnosis and treatment of diseases derived from crouch gaits or other types of gait abnormalities.
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1. Introduction


Human gait analysis (GA) is the systematic study of human walking [1]. Recently, instrumentation and computing technologies used to measure, process, and analyze body kinetics and kinematics have improved the efficiency of this assessment tool [2]. In clinical settings, gait analysis through kinetics and kinematics has been used to assess the effects of hip arthroplasty [3], stroke [4,5], osteoarthritis [6], Achilles tendinopathy [7], rheumatoid arthritis (RA) [8], inversion sprains [9], and Parkinson’s disease [10,11], among others. Human motion estimation sensing is a challenging issue for gait analysis. For example, in [12], an inertial wearable is used to estimate model-based inverse kinematics. In the same sense, other studies have used Magnetic Resonance Imaging (MRI) [13] and motion capture marker-based systems [14,15] to collect gait data in patients with cerebral palsy [13].



Crouch gait (CG) is one of the most common gait abnormalities, and is observed in people with cerebral palsy [16]; it is mainly characterized by excessive flexion of the hip, knee, and ankle [17,18,19]. In addition, crouch gait is distinguished in persons with hemiplegia after ischemic stroke [20]. CG causes joint pain [21] and arthritis [22], and is less efficient than a normal gait pattern [23]. Most of the works in the literature define a crouch gait only based on the knee position. Furthermore, kinematic parameters are well-defined when objective values of knee flexion are provided. However, few papers have considered these data and both lower limbs during the analysis [24], and consider the pathological gait patterns only in the sagittal plane. Other anatomical planes which could allow a crouch gait to be determined [18], such as the frontal and transverse planes, have not been considered.



Gait kinematics is the study of the mechanical movements of the musculoskeletal system during walking without considering the forces and moments that originate it [1]. The two types of kinematic problems are classed as forward and inverse kinematics. Forward kinematics is the calculation of the end point of a linked structure from the known position of the joint parameters and segment lengths.



On the other hand, inverse kinematics (IK) is the calculation of the joint parameters from the known position of the endpoint and segment lengths [25]. In robotics, inverse kinematics is used to determine the robot’s capability, efficiency, and accuracy. For this purpose, analytical and numerical approaches have been developed to solve this complex problem. Analytical methods include closed-form and algebraic elimination-based algorithms [26], while numerical algorithms such as Newton–Raphson [27], Jacobian transpose [28], and damped least squares [29] converge to a single solution for IK. In [14], an inverse kinematics method for lower limb kinematics over the sagittal plane using Groebner Basis theory is proposed. For robotic manipulators, these methods fail with complex joint geometries or can produce run-time errors. In addition, quaternions have been used to perform orientations and rotations of objects in 3D space [30] in areas such as computer graphics, multirotor tracking, control approaches, and the kinematics and dynamics of rigid bodies [31]. The most widely used methods in robot kinematics are homogeneous transformation and Denavit–Hartenberg (DH). However, the free representation and gimbal lock avoidance of quaternions have led to their use being optimal for this purpose [32].



The conventional gait model (CGM) [33] is very useful in clinical gait laboratories. In direct kinematics (DK) methods, CGM is used to calculate joint kinematics. Meanwhile, for inverse kinematics (IK), musculoskeletal modeling approaches to obtain joint angles are used. It is recommended that the same anatomical model be used for kinematic and musculoskeletal analysis to ensure consistency between both spaces [13]. Therefore, many studies have analyzed the kinematics and kinetics of ankles and knees, specifically in the sagittal plane [14,15,34,35,36,37,38,39]. This allows for a local analysis, however, for better assessment of abnormal gaits such as crouch gait, the other planes are necessary.



These issues make it necessary for crouch gait analysis to define kinematic gait patterns over the three anatomical planes in both the joint space and in the workspace. In addition, gait kinematics research focuses on building body models to explain the functioning of the body system and provide solutions to improve the methods for GA. Acquiring and analyzing kinematic and kinetic data of the body segments and joints of interest is a common procedure [40]. Tired and repetitive routines as well as lack of feedback on performance and improvement during rehabilitation very often lead the patient to discontinue the therapy [41]. In these cases, visualization [42] and exergaming (exercise + game) [43,44,45] platforms may improve the results of the rehabilitation process.



In this work, we propose a quaternions-based method to solve the forward kinematics of the position of the lower limbs during walking. We use an eight Degrees of Freedom (DoF) reduced gait model. In addition, we present an approach to solving the inverse kinematics for the same eight-DoF model and the visualization on the three anatomical planes of performance in both the workspace and the joint space. In this paper, forward and inverse kinematics analysis based on workspace and joint space metrics and visualization is carried out over the crouch gait. However, these methods could be extended for other abnormal gaits. This paper is organized as follows. Section 2 introduces the mathematics of forward and inverse kinematics modeling. Section 3 presents the main results. Section 4 provides a discussion, highlighting potential clinical applications. Finally, conclusions and possible future works are presented in Section 5.




2. Materials and Methods


An overview of the work presented in this paper is shown in Figure 1. First, the quaternion-based method used to calculate the forward kinematics of position is developed. To validate this method, the joint angles of the normal, mild crouch, and severe crouch gaits of the well-known 2392-  O p e n S i m   model are taken as input. Then, a visualization and analysis using fourth-dimensional (4D) plots (x, y, z and % gait cycle) and metrics in Cartesian space is developed. After that, the inverse kinematics algorithm is presented; to assess the approach, in this work we consider the Cartesian coordinates from the previous step as the inputs during this stage. However, Cartesian coordinates can be obtained from a motion marker-based system as well, which includes the image acquisition stage and processing units (see Figure 1). The performance in this space is assessed using joint angle metrics and 3D gait visualization in the three anatomical planes. A detailed description of the framework is presented next.



2.1. Gait Forward Kinematics


The gait kinematics analysis proposed in this work uses a robotics approach considering an eight-DoF simplified version of the conventional gait model [33] presented in Figure 2. First, the correspondences between the anatomical reference planes and three fundamental directions [2] with the 3D Cartesian space of the model (see Figure 2) are (anterior,   x +  ; superior,   y +  ; right,   z +  ) and (sagittal,   X Y  ; frontal,   Y Z  ; transverse,   X Z  ), respectively. The eight-DoF model features both the left and right lower limbs as eight rigid-body segments: the right pelvis (  l  1 R   ), right femur (  l  2 R   ), right tibia (  l  3 R   ), right foot (  l  4 R   ), left pelvis (  l  1 L   ), left femur (  l  2 L   ), left tibia (  l  3 L   ), and left foot (  l  4 L   ). In this work, the eight movements and their corresponding angles and rotation axis are: pelvic rotation (  q 1  ,   y 0  ), lateral pelvic list (  q 2  ,   x 0  ), right hip flexoextension (  q  3 R   ,   z  1 R   ), right knee flexoextension (  q  4 R   ,   z  2 R   ), right ankle dorsi/plantar flexion (  q  5 R   ,   z  3 R   ), left hip flexoextension (  q  3 L   ,   z  1 L   ), left knee flexoextension (  q  4 L   ,   z  2 L   ), and left ankle dorsi/plantar flexion (  q  5 L   ,   z  3 L   ). This approach could be extended to model the pelvic tilt movement as well as other joint movements. In this paper, we do not consider the surface constraints on gait kinematics.



2.1.1. Quaternions Algebra for Rotations


A quaternion can be expressed into the  H  four-dimensional space as   H : = R + R i + R j + R k  , where   i = ( 1 , 0 , 0 )  ,   j = ( 0 , 1 , 0 )   and   k = ( 0 , 0 , 1 )   are called the principal imaginaries and obey Hamilton’s rules, i.e.,    i 2  =  j 2  =  k 2  = i j k = − 1  . Multiplication of these imaginaries resembles a cross-product   i j = k , j k = i , k i = j , j i = − k , k j = − i , i k = − j  . A quaternion   Q = r + x i + y j + z k   consists of a real part   a = r   and a purely imaginary part   v = x i + y j + z k  . Quaternions with a zero real part are called pure quaternions. They can be written as   Q = a + v   and decomposed into   Q = a + b u  , which resembles a complex number, where   u =   [ x , y , z ]  T  / b =  x  v   i +  y  v   j +  z  v   k   is a unit three-vector and    u  = 1  .    Q ¯  =  Q  − 1   = a − b u   is known as the conjugate quaternion [30].



A rotation of an angle q about an axis u can be represented as the following unit quaternion:


  Q =  cos   q 2   + u sin   q 2   ,  



(1)




for which the unit conjugate quaternion is


   Q ¯  =  cos   q 2   − u sin   q 2   ,  



(2)







Thus, the rotation to an arbitrary vector (pure quaternion) v∈  R 3   is provided by the quaternion multiplication


  R  ( Q )  v = Q v  Q ¯  .  



(3)








2.1.2. Gait Forward Kinematics Using Quaternions Algebra


Gait forward kinematics of position allow the calculation of the position of the reference joints of the lower limbs in the workspace. To this end, the use of quaternions makes it possible to recursively calculate the Cartesian coordinates of these positions without the problems associated with the use of conventional methods when the number of degrees of freedom increases.



A quaternionic representation can be used for solving the forward kinematics of the position of the joint references. The home position of the frames of each reference can be represented as follows: pelvic    Σ 0  = 0 + 0 i + 0 j + 0 k   (global frame), right hip    Σ  1 R   = 0 + 0 i + 0 j +  L  1 R   k  , right knee    Σ  2 R   = 0 + 0 i −  L  2 R   j + 0 k  , right ankle    Σ  3 R   = 0 + 0 i −  L  3 R   j + 0 k  , right toe    Σ  4 R   = 0 +  L  4 R   i − 0 j + 0 k  , left hip    Σ  1 L   = 0 + 0 i + 0 j −  L  1 L   k  , left knee    Σ  2 L   = 0 + 0 i −  L  2 L   j + 0 k  , left ankle    Σ  3 L   = 0 + 0 i −  L  3 L   j + 0 k  , and left toe    Σ  4 L   = 0 +  L  4 L   i − 0 j + 0 k  . We assume that the offset of the position of the pelvis frame in the   ( y − a x i s )   due to anthropometric values and gait abnormalities as a given, that is,   Σ 0   is the global frame to model any gait using the eight-DoF kinematic chain. Now, it is possible to define each quaternion of rotation   Q i   regarding its respective angle   q i  , provided by


   Q 1  =  cos    q 1  2   + sin    q 1  2   j ,  



(4)






   Q 2  =  cos    q 2  2   + sin    q 2  2   i ,  



(5)






   Q  3 R   =  cos    q  3 R   2   + sin    q  3 R   2   k ,  



(6)






   Q  4 R   =  cos    q  4 R   2   + sin    q  4 R   2   k ,  



(7)






   Q  5 R   =  cos    q  5 R   2   + sin    q  5 R   2   k ,  



(8)






   Q  3 L   =  cos    q  3 L   2   + sin    q  3 L   2   k ,  



(9)






   Q  4 L   =  cos    q  4 L   2   + sin    q  4 L   2   k ,  



(10)






   Q  5 L   =  cos    q  5 L   2   + sin    q  5 L   2   k .  



(11)







Therefore, recursively, by using (3) the serial Cartesian coordinates of each joint reference after rotations for both lower limbs can be obtained using the following equations:


  R  ( Q )   Σ  1 R   =  Q 1   Q 2   Σ  1 R     Q 2  ¯    Q 1  ¯  ,  



(12)






     R  ( Q )   Σ  2 R   =  Q 1   Q 2   Σ  1 R     Q 2  ¯    Q 1  ¯  +  Q 1   Q 2   Q  3 R    Σ  2 R     Q  3 R   ¯    Q 2  ¯    Q 1  ¯  ,     



(13)






     R  ( Q )   Σ  3 R   =  Q 1   Q 2   Σ  1 R     Q 2  ¯    Q 1  ¯  +  Q 1   Q 2   Q  3 R    Σ  2 R     Q  3 R   ¯    Q 2  ¯    Q 1  ¯  +        Q 1   Q 2   Q  3 R    Q  4 R    Σ  3 R     Q  4 R   ¯    Q  3 R   ¯    Q 2  ¯    Q 1  ¯  ,     



(14)






     R  ( Q )   Σ  4 R   =  Q 1   Q 2   Σ  1 R     Q 2  ¯    Q 1  ¯  +  Q 1   Q 2   Q  3 R    Σ  2 R     Q  3 R   ¯    Q 2  ¯    Q 1  ¯  +        Q 1   Q 2   Q  3 R    Q  4 R    Σ  3 R     Q  4 R   ¯    Q  3 R   ¯    Q 2  ¯    Q 1  ¯  +        Q 1   Q 2   Q  3 R    Q  4 R    Q  5 R    Σ  4 R     Q  5 R   ¯    Q  4 R   ¯    Q  3 R   ¯    Q 2  ¯    Q 1  ¯  ,     



(15)






  R  ( Q )   Σ  1 L   =  Q 1   Q 2   Σ  1 L     Q 2  ¯    Q 1  ¯  ,  



(16)






     R  ( Q )   Σ  2 L   =  Q 1   Q 2   Σ  1 L     Q 2  ¯    Q 1  ¯  +  Q 1   Q 2   Q  3 L    Σ  2 L     Q  3 L   ¯    Q 2  ¯    Q 1  ¯  ,     



(17)






     R  ( Q )   Σ  3 L   =  Q 1   Q 2   Σ  1 L     Q 2  ¯    Q 1  ¯  +  Q 1   Q 2   Q  3 L    Σ  2 L     Q  3 L   ¯    Q 2  ¯    Q 1  ¯  +        Q 1   Q 2   Q  3 L    Q  4 L    Σ  3 L     Q  4 L   ¯    Q  3 L   ¯    Q 2  ¯    Q  1 L   ¯  ,     



(18)






     R  ( Q )   Σ  4 L   =  Q 1   Q 2   Σ  1 L     Q 2  ¯    Q 1  ¯  +  Q 1   Q 2   Q  3 L    Σ  2 L     Q  3 L   ¯    Q 2  ¯    Q 1  ¯  +        Q 1   Q 2   Q  3 R    Q  4 L    Σ  3 L     Q  4 L   ¯    Q  3 L   ¯    Q 2  ¯    Q 1  ¯  +        Q 1   Q 2   Q  3 L    Q  4 L    Q  5 L    Σ  4 L     Q  5 L   ¯    Q  4 L   ¯    Q  3 L   ¯    Q 2  ¯    Q 1  ¯  .     



(19)








2.1.3. Parameters of Workspace for Gait Analysis


Gait analysis based on kinematics and kinetic modeling is widely used in clinical settings. However, full gait analysis is time-consuming and expensive [46]. While most of the systems used for measuring spatio-temporal gait parameters provide useful information, many of these only allow for local analysis. For this reason, in this work we propose non-common metrics on the gait space for global assessment. In robotics, as well as other disciplines, the Euclidean distance is the most common metric used in the Cartesian space to assess performance. However, it has not been used for gait analysis approaches. The Euclidean distance between the corresponding right and left joint reference frames (knees, ankles, and toes) of the lower limbs during walking can be calculated as


     d   Σ  2 R    Σ  2 L      2  =  ∑  m = 1  3   (  p  m  Σ  2 R     −  p  m  Σ  2 L     )  ,  



(20)






     d   Σ  3 R    Σ  3 L      2  =  ∑  m = 1  3   (  p  m  Σ  3 R     −  p  m  Σ  3 L     )  ,  



(21)






     d   Σ  4 R    Σ  4 L      2  =  ∑  m = 1  3   (  p  m  Σ  4 R     −  p  m  Σ  4 L     )  .  



(22)




for the knees, ankles, and toes, respectively. Here,    p  m 1    Σ i   ,    p  m 2    Σ i   , and    p  m 3    Σ i    are the x, y, and z Cartesian coordinates of each joint reference. In the same way, in robotics the workspace is important in order to determine the facilities and operative needs. If we consider the gait workspace for each pair of joints as the area between the pelvic frame   Σ 0   and both the right and left frame joint references (Figure 3), it is possible to establish this area as an objective metric. The Cartesian position in the workspace of the joint frame references (knees, ankles, and toes) of both lower limbs change depending on whether the gait is normal or abnormal (mild or severe crouch gaits). The area of the triangle formed by both references and the global frame can be used as a performance metric. That is, the degree of abnormality with respect to the normal gait pattern is seen in the decrease in the value of the area. These three areas allow a global analysis for each of these, or as a whole, globally for the entire kinematic chain. This approach can be very useful in either the diagnosis or the rehabilitation stage. The triangular areas during each gait phase are provided by


   A  P − K   =  1 2      Σ  2 R   →  ×   Σ  2 L   →     



(23)




for the knees, where (  Σ 0  ) is the origin of the frame vectors,


   A  P − A   =  1 2      Σ  3 R   →  ×   Σ  3 L   →     



(24)




for the ankles, and


   A  P − T   =  1 2      Σ  4 R   →  ×   Σ  4 L   →     



(25)




for the toes.



Generally, as mentioned in the previous section, gait analysis is carried out in the joint space, and when analysis is developed, only in the Cartesian space. This implies that a local analysis is performed for each of the lower limbs. In this work, we aim to propose statistical metrics such as the RMS value of the triangular areas in order to obtain a global evaluation of the performance of the eight-DoF kinematic chain based on metrics during a gait cycle. If the percentage of the gait cycle when each phase and event is evaluated, any of the metrics proposed in the Cartesian space are useful for comparing gaits in different stages. The Root Mean Square (RMS) value for each signal of the triangular areas is calculated as


   A  R M S   =    1 M   ∑  n = 1  N       A T    2     



(26)




where M is the total number of samples taken during the gait cycle and   A T   are the areas calculated in Equations (23)–(25). In the same sense, to obtain a global gait assessment, we concentrate the total area through the centroid of each triplet of triangles as well as a global centroid of these three triangles using the computational method of averaging Cartesian coordinates.





2.2. Gait Inverse Kinematics


Using the same skeletal model as for forward kinematics (Figure 2) [13], we calculate the gait inverse kinematics to obtain the joint coordinates   q i  , where   i = 1 , 2 , ( 3 , 4 , 5 ) R , ( 3 , 4 , 5 ) L  . We assume that the joint Cartesian coordinates concerning the global fixed frame   Σ 0   are given. In addition, the lengths of the rigid-body segments   l i   are given. These coordinates could be obtained using a motion capture system with rigid markers in the joint references [14,47].



Initially, from Figure 4, the right hip is used as a reference and the rotation   q 1   and list   q 2   angles of the pelvis using Cartesian coordinates to perform spherical transformation, calculated as follows:


   q 1  = a t a n 2  (  Σ  1 R x   ,  Σ  1 R z   )  ,  



(27)






   q 2  = −  sin  − 1      Σ  1 R y        Σ  1 R x    2  +    Σ  1 R y    2  +    Σ  1 R z    2      .  



(28)







In the same way, both   q 1   and   q 2   angles can be obtained from Figure 5.



Then, as the Cartesian coordinates for the hips, knees, ankles, and toes are given with respect the global fixed frame   Σ 0  , an inverse homogeneous transformation of coordinates is required. Now, the knees, ankles and, toes are referred to the   Σ  1 R    frame in the sagittal plane, as shown in Figure 6. In this way,   q  3 R   ,   q  4 R   , and   q  5 R    can be obtained locally as follows.



Let


   R x  =     1   0   0     0    c 2     −  s 2       0    s 2     c 2       



(29)






   R y  =      c 1    0    s 1      0   1   0      −  s 1     0    c 1       



(30)







The above are the rotation matrices over the x and y axis, respectively, where   c = c o s ( ∗ )   and   s = s i n ( ∗ )  . In this work, the rotation over the z axis is not considered, as it is not used in forward kinematics. However, the model could be extended to consider the pelvic tilt movement. The local coordinates of the knee, the ankle, and the toe with respect to   Σ  1 R    are


   Σ  2 R   =      Σ  2 r x        Σ  2 r y        Σ  2 r z       = −   (  R y   R x  )  T       Σ  1 R x        Σ  1 R y        Σ  1 R z       +   (  R y   R x  )  T       Σ  2 R x        Σ  2 R y        Σ  2 R z        



(31)






   Σ  3 R   =      Σ  3 r x        Σ  3 r y        Σ  3 r z       = −   (  R y   R x  )  T       Σ  1 R x        Σ  1 R y        Σ  1 R z       +   (  R y   R x  )  T       Σ  3 R x        Σ  3 R y        Σ  3 R z        



(32)






   Σ  4 R   =      Σ  4 r x        Σ  4 r y        Σ  4 r z       = −   (  R y   R x  )  T       Σ  1 R x        Σ  1 R y        Σ  1 R z       +   (  R y   R x  )  T       Σ  4 R x        Σ  4 R y        Σ  4 R z        



(33)







Then, from Figure 6, using the cosine law over the triangle with vertices   Σ  1 R   ,   Σ  2 R   , and   Σ  3 R   , the flexoextension angle of the right knee is


   q  4 R   = − π + ρ  



(34)




where


   ρ R  =  cos  − 1         Σ  2 r x    2  +    Σ  2 r y    2  −    l  1 R    2  −    l  2 R    2    − 2  l  1 R    l  2 R     .   



(35)







Meanwhile, the flexoextension angle of the right hip   q  3 R    is provided by


   q  3 R   = a t a n 2  (  Σ  3 r x   ,  Σ  3 r y   )  +  ζ R   



(36)




where


   ζ R  =  sin  − 1       l  3 R   sin  (  ρ R  )        Σ  3 r x    2  +    Σ  3 r y    2       



(37)







Similarly, in the same way over the triangle with vertices   Σ  2 r   ,   Σ  3 r   , and   Σ  4 r   , the right ankle dorsi/plantar flexion angle   q  5 R    can be obtained from


   q  5 R   =  π 2  −  o R   



(38)




where


   o R  =  cos  − 1        (  Σ  4 r x   −  Σ  2 r x   )  2  +   (  Σ  4 r y   −  Σ  2 r y   )  2  −    l  3 R    2  −    l  4 R    2    − 2  l  3 R    l  4 R      .  



(39)







Finally, to calculate the joint angles of the hip, knee, and ankle of the left lower limb we use Figure 7 and a similar process to that described above. The position configurations of the kinematic chain in Figure 6 and Figure 7 are given arbitrarily.



Parameters on Joint Space for Gait Analysis


Most of the systems used for gait data acquisition measure spatiotemporal parameters such as speed, cadence, cycle time, step length, and stride length [46]. However, most of these parameters do not provide enough information on the kinematic aspect. Joint angles during the gait cycle can be considered as a mathematical function, therefore, they can be analyzed in both the frequency and time domain, or alternatively by using methods from information theory. Statistical features of the joint functions, such as the mean   (  q ¯  )  , standard deviation   (  q  S T D   )  , root mean square   (  q  R M S   )  , and shape factor   (  q  S F   )  , are calculated from


   q ¯  =  ∑  i = 1  M   q i  ,  



(40)






   q  S T D   =      ∑  i = 1  N     (  q i  −   q i  ¯  )  2    M − 1    ,  



(41)






   q  R M S   =    1 M    ∑  i = 1  N     |   q i    |  2     ,  



(42)






   q  S F   =   q  R M S     1 M    ∑  i = 1  N     |   q i   |     .  



(43)




where,   q i   is the joint function and M is its length.





2.3. Virtual Gait Visualization


Visual feedback during gait analysis and rehabilitation is currently very important, and its effectiveness is improving. For this reason, in this work we have developed a framework for gait 3D visualization using Maya Autodesk, which is shown in Figure 8.



The starting point of the visualization framework is the creation or modeling of the 3D-CAD human skeleton model. In this work, we use an open-access skeletal model [48]. As access and orientation of the model are required as well, the referred orientation can be carried out based on the model shown in Figure 2. The data input of the keyframes control is the joint angles obtained on the inverse kinematic method, which are stored as the joint angles dataset. However, due to the data features and need for access in an automatic way through scripting, a data editing and scripting process is required. Subsequently, the 3D gait animation for gait visualization is programmed through a timeline that contains the number of samples of each gait. The timeline of the gait animation is controlled by the keyframes. Finally, a visual comparison between the three gaits over the three anatomical planes is carried out in order to compare the seven events for each plane and each gear a manual selection of the snapshot corresponding to each percentage of the cycle, taking as reference the seven events of the gait cycle. The seven events with the respective elapsed percentage of the gait cycle are initial contact (IC, 0%), opposite toe off (OTO, 12%), heel rise (HR, 30%), opposite initial contact (OIC, 40%), and toe off (TO, 60%), belonging the stance phase, while the feet adjacent (FA, 75%), tibia vertical (TV, 85%), and initial contact (IC, 100%) are associated with the stance phase [2]. The right lower limb (blue feet) is the reference for the beginning and the end of the gait cycle.





3. Results


3.1. Gait Analysis on the Workspace


A visualization of the Cartesian coordinates of the reference frames of the model described in Section 2.1.2 are shown in Figure 9. The coordinates have been calculated using the joint angles of the dataset of the 2392-  O p e n S i m   model [49] as input in Equations (12)–(19). This model is well-known and widely used in biomechanical modeling settings; the experimental design used to obtain the gait data is presented in [50]. The number of samples   ( M )   of the normal, mild crouch, and severe crouch gait signals are   ( 51 )  ,   ( 119 )  , and Af   ( 101 )  , respectively. These are the values used in this work to present the results using the gait cycle (%) as the reference. While the length of the eight rigid-body segments   l  1 R   ,   l  2 R   ,   l  3 R   ,   l  4 R   ,   l  1 L   ,   l  2 L   ,   l  3 L   , and   l  4 L    was adopted from [51], in this work, we aim at numerical validation for the proposed methods for forward and inverse kinematics using the widely used gait data. For this reason, we use only a single trial for each gait (normal, mild crouch, and severe crouch). However, it is possible to take difference gait trials as input.



The 4D plot shows a sagittal view of the right and left frame reference coordinates for gaits during a gait cycle: normal (N) in rows 1 and 2, mild crouch (MC) in rows 3 and 4, and severe crouch (SC) in rows 5 and 6 (Figure 9). In this work, we considered the global frame   Σ 0   to be fixed, that is, gait analysis is similarly assumed on a treadmill. The color bar on the left side of the plots is related to the percentage of the elapsed gait cycle, and corresponds with one sample of the cycle in the plots.



In Figure 9, two main comparative approaches in the sagittal plane are shown. The comparison between lower limbs and the comparison of abnormal gaits were both performed by taking the normal gait pattern as the reference. In a normal gait, there is a correspondence between the coordinates of the right and left references; the difference is a phase shift of half a cycle from one to the other. For mild and severe crouch gaits, the same relationship as in the pattern does not occur. This allows for the establishment of the degree of severity between lower limbs. The same figure presents the workspace performance of the normal gait as the pattern. The pattern can be used to compare abnormal gaits based on both the joint workspace range and the shape factor. As mentioned in Section 1, most gait analysis works have reported only on the sagittal plane, because the analysis is focused on the hip, knee, and ankle joints. However, certain abnormalities related to pelvic movements, as well as global analysis, cannot be performed in the sagittal plane alone. For this reason, in this work we have extended the analysis to frontal plane (Figure 10) and transverse plane (Figure 11).



In the same way as the sagittal plane, the frontal plane allows us to visualize and compare the gait workspace performance between both lower limbs and different types of gaits together with the influence of the pelvic list, which is related to one of the lower limbs (in this case, the right one).



In Figure 12, the Euclidean distances between the frame references (knees, ankles, and toes) of both left and right limbs are shown. Equations (20)–(22) were used to calculate each sample of the gait cycle of each gait (N, MC, and SC).



The ranges of the Euclidian distance in a normal gait are 0.29 m   ≤  d   Σ  2 R    Σ  2 L     ≤   0.43 m, 0.30 m   ≤  d   Σ  3 R    Σ  3 L     ≤   0.68 m, and 0.29 m   ≤  d   Σ  4 R    Σ  4 L     ≤   0.76 m for knees, ankles, and toes, respectively. Furthermore, Figure 12 shows the values of the triangular areas between the pelvis (base frame) and the joint reference frames (knees, ankles, and toes) (Section 2.1.3) of each gait trial, calculated by applying Equations (23)–(25). For the three triangles (Figure 3), the area for normal gait for each gait sample is greater than the areas in crouch gaits. For the three triangles in a normal gait, the ranges of the areas are 0.066 m    2  ≤  A  P − K   ≤   0.092 m   2  , 0.118 m    2  ≤  A  P − A   ≤   0.271 m   2  , and 0.113 m    2  ≤  A  P − T   ≤   0.332 m   2  . The maximum values of the areas in normal and mild crouch gait occur in the initial contact and the opposite contact events, while a severe crouch gait does not occur in the same events. This could be useful for relating the problem to the stage of the gait cycle. Table 1 presents a summary of the arithmetic mean, standard deviation, and root mean square level for both the distance and area metrics.



In Table 1, the value that best reflects the difference between the gaits for the six metric values is the arithmetic mean, closely followed by the RMS value, with the less significant for this purpose being the standard deviation. In a gait data analytics approach, it is possible to choose the most useful metric during the feature selection stage. In addition, all the results presented in this work are based only on one gait cycle, which is enough for the analysis, as the gait cycle can be considered a quasiperiodic signal. Although the assessment of the Euclidean distances and triangular areas are useful only for local analysis, the centroid of each of the areas and the total centroid used to obtain a metric of the location of the geometric center of the kinematic chain are useful in performing a global analysis. In Figure 13, frontal and transverse views of the global centroid for the three triangles of the normal gait adn mild and severe crouch gaits are shown. The plots in the same figure establish the range of workspace of a normal gait that can be used to assess abnormal gaits.




3.2. Gait Analysis on the Joint Space


Using the Cartesian coordinates calculated for each gait sample of normal gait and mild and severe crouch gaits with the proposed forward kinematics method (see Figure 1) as input in Equations (4)–(19), the joint angles of the eight degrees of freedom were calculated. However, Cartesian coordinates could be obtained from a Motion Capture (MoCap) system as well. Figure 14 shows the joint angle signals for the movements of pelvic rotation, pelvic list, hip and knee flexoextension, and ankle dorsi/plantar flexion of both the left and right lower limbs. For the normal gait, considering the right lower limb as the reference [2], the joint angles of the left lower limb are out of phase by half a cycle



Table 2 shows the minimum (Min) and maximum (Max) values of the range of motion (ROM) for each joint angle (Figure 14). From these values, the ROM of the normal gait is established as the gait pattern of reference. Then, gait analysis in the joint space is supported systematically and numerically by this pattern to determine abnormal gaits such as crouch gaits.



To objectively compare the normal gait and mild and severe crouch gaits in the anatomical space, statistical metrics were calculated. The arithmetic mean   q ¯  , standard deviation   q  S T D   , root mean square   (  q  R M S   )  , and shape factor   (  q  S F   )   values of the joint angles are shown in Table 3.



Table 3 provides quantitative information on the gait performance over the anatomical space, which can be used for local and global analysis. Considering the arithmetic mean as the metric for analysis, the statistically significant difference between the three gaits is established, which allows abnormal behaviors regarding the gait pattern to be classified and the degree of abnormality to be determined. In addition, in a normal gait, the arithmetic mean of the joint angles of both lower limbs are equal, qw the difference between the two is only offset by half a cycle. However, mild and severe crouch gaits are not the same. From the mean values, it is observed that the lower limbs do not have similar performance between them with respect to the gait pattern. Thus, it is possible to determine the degree of abnormality for each lower limb with respect to both each other and the overall pattern.



The standard deviation for the pelvis rotation angle   q 1   is greater in severe crouch gait than in normal and mild crouch gaits. In both crouch gaits, the   q  S T D    value of hip flexoextension is higher in the right joint than in the left one, which indicates a greater abnormality in the left hip. In both knee flexoextension and ankle dorsi/plantar flexion, the abnormalities occur in both joints, being more severe in mild crouch gaits. Regarding the RMS value in Table 3, both   q 1   and   q 2   have higher values for mild and severe crouch gaits than the gait pattern.



Although the arithmetic mean, standard deviation, and RMS level allow for the establishment of objective metrics to assess abnormal gaits regarding gait patterns, the signal shape factor is a novel metric for gait analysis based on the waveform of the joint angle signals. Table 3 shows no statistical difference for the SF values over the full cycle. However, it could be used locally in different phases of the gait cycle. It is necessary to focus both locally and globally on the other metrics. The data provided in Table 1, Table 2 and Table 3 describe accurate information for gait analysis. However, these are for a single gait signal, which allows manual data analysis. GA for multiple gaits involves high temporary, computationally, and specialty costs, which can lead to errors and requires subjective assessment by a specialist. Therefore, for automatic analysis for multidimensional, multi-variable, and large gait data, an approach based on machine learning can be used.




3.3. Virtual Gait Visualization


After the joint angles have been calculated using the inverse kinematics method proposed in this work, the angles are used as input for the 3D gait animation unit of the research framework presented in Section 2.3. Figure 15, Figure 16 and Figure 17 show a comparison of the stance and swing phases (seven events) of a gait cycle for normal, mild, and severe crouch gaits. Figure 15 shows a sagittal view of three gait performances, where excessive hip and knee flexoextension and ankle dorsi/plantar flexion is evident in crouch gaits. However, in order to obtain a global analysis the frontal and transverse planes views are useful, and are presented in Figure 16 and Figure 17, respectively.





4. Discussion


Gait analysis is commonly developed in the anatomical space, and the works presented in the workspace have generally been developed in the sagittal plane [14,15,34,35,36,37,38,39]. However, the information available in the frontal and transverse planes, mainly as regards pelvic movements, is very useful. Our findings allow for the determination that assessments in the Cartesian frontal and transverse planes are significant in determining gait abnormalities related to pelvic movements. In this sense, it is possible to develop an assessment for each of the lower limbs or for both together. In addition, the instrumentation advantages of acquiring and analyzing gait data in the gait space can reduce the need for invasive approaches and improve non-invasive ones.



The gait inverse kinematic method for gait analysis and visualization to solve the inverse kinematics of the eight-DoF lower limb model is useful for obtaining the joint angle references from the Cartesian coordinates. This approach could be used for vision-based system perception. The reduction in the calculation, computational complexity, and instrumentation required for data acquisition in the workspace is another advantage. The comparison between mild and severe crouch gaits using the normal gait as a reference is carried out in the anatomical space, achieving closer results than in workspace analysis. Gait analysis can be improved using metrics such as the arithmetic mean, standard deviation, RMS value, and shape factor to quantify and assess joint performance during walking. However, the manual data analysis developed in this work is commonly performed by a specialist, and represents high temporal and economic costs. This approach leads to bias and assessment errors, making necessary the application of artificial intelligence tools.



Visualization for abnormal crouched gaits using the normal gait pattern in the three anatomical planes as a reference provides a powerful bio-feedback tool. In an exergaming approach, gait visualization based on animation tools increases the success of the rehabilitation process for both the patient and the specialist. The versatility and performance of virtual environment modeling related to exergaming can be used to represent the user through an avatar and virtually modify the terrain context. The impact on a patient’s emotions through kinesthetic perception during rehabilitation represents a useful stimulus during rehabilitation tasks. In addition, the advantages of developing a visualization framework in Autodesk Maya make it possible to visualize in real-time any patient that is not already in the database, automatically adjusting to the subject’s anthropometry.




5. Conclusions


This paper presents a gait forward and inverse kinematics framework for modeling gait during walking for analysis and visualization purposes. Both methods are used to model an eight-DoF kinematic chain representing the lower limbs during the gait cycle. In addition, gait workspace and gait anatomical space analysis allows for establishing the normal gait ranges as the pattern to assess gait using objective metrics. We present an extended assessment for mild and severe crouch gaits in both the workspace and the anatomical space using statistical metrics, with the normal gait used as a reference. Depending on whether the aim of the analysis is diagnostic or rehabilitation assessment, any of these metrics could be used to classify gaits. The advantages of the proposed forward kinematics method using quaternions algebra is that is it scalable and useful for modeling kinematic chains, increasing the degrees of freedom, and avoiding gimbal lock and mathematical complexity. Reduction in mathematical and computational complexity as well as in the instrumentation required for data acquisition in the workspace is one of the main advantages of the approach for gait inverse kinematics presented here.



A graphical comparison using the gait visualization framework for the seven events of the gait cycle for normal, mild, and severe crouch gaits was carried out. This is an important aspect for improving interpretation by specialists as well as the motivation of patients. The advantages of modeling and visualization following the approach proposed in this work as a future perspective offers an alternative approach to the development of a comprehensive exergaming rehabilitation platform. In addition, both virtual gait visualization feedback in real time for any patient and the anthropometry of the subject can be adjusted automatically.



In future work, we intend to develop a three-DoF experimental platform to emulate and assess the gait cycle for different gaits in the sagittal plane. In addition, we plan to acquire the Cartesian coordinates for the eight degrees of freedom with a MoCap system for investigating real patients. Ultimately, we intend to develop a gait recognition framework based on the biomechanical modeling and metrics established in this paper.
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Figure 1. Research framework for gait forward and inverse kinematics analysis and visualization. 
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Figure 2. Eight-DoF open kinematic chain used to model the lower limbs during gait. 
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Figure 3. Representation for calculating triangle gait workspace areas between pelvis and joint references: (a) pelvis–knees, (b) pelvis–ankles and (c) pelvis–toes. 
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Figure 4. Right hip reference used to obtain the rotation and list angles of the pelvis. 
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Figure 5. Left hip reference used to obtain the rotation and list angles of the pelvis. 
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Figure 6. Right hip–knee–ankle–toe kinematic chain used to obtain   q  3 R   ,   q  4 R   , and   q  5 R   . 
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Figure 7. Left hip–knee–ankle–toe kinematic chain used to obtain   q  3 L   ,   q  4 L    and   q  5 L   . 
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Figure 8. 3D virtual gait visualization framework. 
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Figure 9. Sagittal plane view of the Cartesian coordinates of hip, knee, ankle, and toe of both right and left lower limbs during a gait cycle. For normal gait (N), rows 1 and 2; for mild crouch gait (MC), rows 3 and 4; and for severe crouch gait (SC), rows 5 and 6. Columns 1, 2, 3, and 4 plot the hip, knee, ankle, and toe, respectively. 
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Figure 10. Frontal plane view of the Cartesian coordinates of hip, knee, ankle, and toe of both right and left lower limbs during a gait cycle. For normal gait (N), row 1; for mild crouch gait (MC), row 2; and for severe crouch gait (SC), row 3. Columns 1, 2, 3, and 4 are used to plot the hip, knee, ankle, and toe, respectively. 






Figure 10. Frontal plane view of the Cartesian coordinates of hip, knee, ankle, and toe of both right and left lower limbs during a gait cycle. For normal gait (N), row 1; for mild crouch gait (MC), row 2; and for severe crouch gait (SC), row 3. Columns 1, 2, 3, and 4 are used to plot the hip, knee, ankle, and toe, respectively.
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Figure 11. Transverse plane view of the Cartesian coordinates of hip, knee, ankle, and toe of both right and left lower limbs during a gait cycle. For normal gait (N), row 1; for mild crouch gait (MC), row 2; and for severe crouch gait (SC), row 3. Columns 1, 2, 3, and 4 are used to plot hip, knee, ankle, and toe, respectively. 
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Figure 12. Euclidian distances between reference frames of both lower limbs (a) knees, (b) ankles, and (c) toes. Triangular areas between pelvis (base frame) and joint references of both lower limbs (d) knees, (e) ankles, and (f) toes for normal gait (black), mild crouch gait (green), and severe crouch gait (blue) during a gait cycle. The magenta vertical line represents the end of the stance phase. 
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Figure 13. Sagittal, frontal, and transverse views of the global centroids of the triangles between joint references for a cycle of normal, mild crouch, and severe crouch gait cycles. 
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Figure 14. Joint angles for pelvic rotation (  q 1  ), pelvic list (  q 2  ), hip flexoextension (  q 3  ), knee flexoextension (  q 4  ), and ankle dorsi/plantar flexion of the lower limbs for normal gait (black), mild crouch gait (green), and severe crouch gait (blue). The vertical line (magenta) represents the end of the stance phase. 
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Figure 15. Sagittal plane view of the 3D gait animation of normal gait (N), mild crouch gait (MC), and severe crouch gait (SC) in the seven events of the two phases of the gait cycle. The magenta vertical line represents the end of the stance phase. 
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Figure 16. Frontal plane view of the 3D gait animation of normal (N), mild crouch (MC), and severe crouch (SC) gaits in the seven events of the two phases of the gait cycle. The magenta vertical line represents the end of the stance phase. 
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Figure 17. Lower transverse view of the 3D gait animation of normal gait (N), mild crouch gait (MC), and severe crouch gait (SC) in the seven events of the gait cycle. 
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Table 1. Statistical measures for Euclidean distances and triangular areas of joint reference frames: Arithmetic Mean (MEAN), Standard Deviation (STD), and Root Mean Square value (RMS) for normal (N), mild crouch (MC), and severe crouch (SC) gaits.






Table 1. Statistical measures for Euclidean distances and triangular areas of joint reference frames: Arithmetic Mean (MEAN), Standard Deviation (STD), and Root Mean Square value (RMS) for normal (N), mild crouch (MC), and severe crouch (SC) gaits.





	

	
Normal (N)

	
Mild Crouch (MC)

	
Severe Crouch (SC)




	
METRIC

	
MEAN

	
STD

	
RMS

	
MEAN

	
STD

	
RMS

	
MEAN

	
STD

	
RMS






	
  d   Σ  2 R    Σ  2 L     (m)

	
0.373

	
0.049

	
0.376

	
0.350

	
0.038

	
0.352

	
0.346

	
0.038

	
0.348




	
  d   Σ  3 R    Σ  3 L     (m)

	
0.520

	
0.138

	
0.538

	
0.432

	
0.092

	
0.441

	
0.381

	
0.058

	
0.386




	
  d   Σ  4 R    Σ  4 L     (m)

	
0.563

	
0.157

	
0.584

	
0.459

	
0.107

	
0.471

	
0.405

	
0.066

	
0.410




	
  A  P − K   (m   2  )

	
0.081

	
0.008

	
0.08

	
0.077

	
0.007

	
0.077

	
0.076

	
0.007

	
0.076




	
  A  P − A   (m   2  )

	
0.203

	
0.053

	
0.209

	
0.147

	
0.030

	
0.150

	
0.136

	
0.025

	
0.138




	
  A  P − T   (m   2  )

	
0.239

	
0.065

	
0.248

	
0.178

	
0.041

	
0.183

	
0.161

	
0.031

	
0.164
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Table 2. Range of motion (ROM) of the joint angles of each movement of the eight-DoF inverse kinematic model based on Figure 14.






Table 2. Range of motion (ROM) of the joint angles of each movement of the eight-DoF inverse kinematic model based on Figure 14.





	

	
Normal (N)

	
Mild Crouch (MC)

	
Severe Crouch (SC)




	
  JA  

	
   Min  ( o  )   

	
   Max  ( o  )   

	
   Min  ( o  )   

	
   Max  ( o  )   

	
   Min  ( o  )   

	
   Max  ( o  )   






	
   q 1   

	
−3.576

	
2.560

	
0.020

	
11.617

	
30.78

	
47.611




	
   q 2   

	
−4.097

	
4.413

	
−8.047

	
−2.270

	
−20.783

	
−12.690




	
   q  3 R    

	
−15.921

	
27.418

	
23.992

	
60.633

	
17.488

	
72.673




	
   q  3 L    

	
−15.897

	
27.419

	
37.455

	
64.153

	
29.942

	
67.872




	
   q  4 R    

	
−58.234

	
−2.270

	
−68.687

	
−58.242

	
−80.684

	
−40.947




	
   q  4 L    

	
−58.207

	
−2.271

	
−82.737

	
−55.463

	
−75.453

	
−36.203




	
   q  5 R    

	
−13.785

	
10.741

	
13.798

	
34.151

	
19.187

	
36.610




	
   q  5 L    

	
−13.919

	
10.749

	
7.345

	
29.921

	
5.692

	
25.056
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Table 3. Arithmetic mean   q ¯  , standard deviation   q  S T D   , root mean square level   (  q  R M S   )  , and shape factor   (  q  S F   )   values for gait analysis in the anatomical space considering Figure 14.






Table 3. Arithmetic mean   q ¯  , standard deviation   q  S T D   , root mean square level   (  q  R M S   )  , and shape factor   (  q  S F   )   values for gait analysis in the anatomical space considering Figure 14.





	

	
Normal (N)

	
Mild Crouch (MC)

	
Severe Crouch (SC)




	
JA

	
    q ¯    ( o  )    

	
    q STD    ( o  )    

	
    q RMS    ( o  )    

	
    q SF    ( o  )    

	
    q ¯    ( o  )    

	
    q STD    ( o  )    

	
    q RMS    ( o  )    

	
    q SF    ( o  )    

	
    q ¯    ( o  )    

	
    q STD    ( o  )    

	
    q RMS    ( o  )    

	
    q SF    ( o  )    






	
   q 1   

	
−0.65

	
2.29

	
2.35

	
1.10

	
6.27

	
3.17

	
7.02

	
1.12

	
37.10

	
5.33

	
37.47

	
1.01




	
   q 2   

	
0.22

	
2.33

	
2.31

	
1.29

	
−5.97

	
1.88

	
6.25

	
1.04

	
−16.20

	
2.65

	
16.41

	
1.01




	
   q  3 R    

	
9.71

	
15.68

	
18.31

	
1.12

	
44.42

	
13.42

	
46.39

	
1.04

	
48.53

	
16.97

	
51.39

	
1.06




	
   q  3 L    

	
9.71

	
15.66

	
18.29

	
1.12

	
52.95

	
9.91

	
53.87

	
1.02

	
47.16

	
12.17

	
48.69

	
1.03




	
   q  4 R    

	
−19.98

	
18.31

	
26.98

	
1.35

	
−64.85

	
2.79

	
64.91

	
1.00

	
−60.71

	
11.22

	
61.73

	
1.02




	
   q  4 L    

	
−19.98

	
18.30

	
26.97

	
1.35

	
−68.32

	
8.48

	
68.84

	
1.01

	
−54.06

	
12.76

	
55.53

	
1.02




	
   q  5 R    

	
1.15

	
6.39

	
6.42

	
1.25

	
24.66

	
6.51

	
25.49

	
0.39

	
29.81

	
4.82

	
30.19

	
1.01




	
   q  5 L    

	
1.12

	
6.42

	
6.46

	
1.25

	
21.53

	
6.20

	
22.40

	
1.04

	
15.29

	
5.20

	
16.14

	
1.05
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