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Abstract The results of the inverse dynamic procedures used in gait analysis are known to be highly dependent on the quality of the kinematic and dynamic input data and on the biomechanical model anatomical data. In this paper the sensitivities of the system response to imprecision in the input data and biomechanical model were calculated. It was shown that the gait analysis results were very sensitive to the identification of the point of application of the external forces. The quality of the results was less sensitive to errors made during motion reconstruction and to uncertainties in the biomechanical anatomical data. In this study it is also shown that the adopted inverse dynamic analysis method, based on natural coordinates, effectively shielded any error made on a particular kinematic chain from propagation to other branches of the biomechanical model. © 2003 Published by Elsevier B.V. Keywords: Biomechanical model; Gait analysis; Multibody dynamics; Error analysis



1. Introduction The study of human motion and the calculation of joint reaction forces and moments-of-force developed internally by the musculoskeletal structure usually require a large collection of input data. This data contains the kinematic and dynamic information necessary to perform the analysis of the system. The kinematic information is used to define the motion under analysis, and the dynamic information is used to define the externally applied forces and the inertial properties of each anatomical segment of the human body. Each of these data sets is prone to errors and uncertainties. The transformation of a three-dimensional movement into a convenient kinematic data set, suitable for use in a computer program, is not straightforward. It requires the use of several numerical techniques such as digitization of images, three-dimensional motion reconstruction, data filtering and curve fitting [1,11]. Similar methods are also applied to the dynamic data to filter the external forces measured by the force plates [1]. These numerical methods are indispensable in the construction of input data, but they are also responsi-
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ble for the introduction of inaccuracies. Another important issue in the definition of the biomechanical model is its kinematic consistency [1,6]. The lack of kinematic consistency is associated with the variation in the anthropometric link lengths, which occurs from time step to time step. These changes are due to errors in the digitization and motion reconstruction procedures and in the modeling assumptions being ultimately responsible for the introduction of errors in the kinematic constraint equations, associated with the anatomical joints. These errors lead to inaccuracies in the analysis results. The object of this article was to investigate how sensitive the reaction forces and net-moments-of-force, calculated in the inverse dynamic analysis, were to the numerical inaccuracies generated during the kinematic and dynamic data reconstruction. The data that contains these inaccuracies is designated throughout the paper by perturbed input data. For this purpose the input data for a normal cadence stride period was collected and a sensitivity analysis performed with perturbations introduced in the following input parameters: head, hand, lower torso, upper and lower leg masses; co-ordinates of the top head and knee anatomical points; right foot ground reaction force; and coordinates of the point of application of the ground reaction force of the right foot. Different levels of perturbation were used
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to ensure that the numerical evaluation of the sensitivity of the gait results with respect to the anatomical parameters were appropriate. The inverse dynamic analysis was carried out using a multibody method where the underlying biomechanical model was described using natural coordinates [2,3]. Using this general-purpose method, the anatomical segments of the human body were considered to be rigid bodies interconnected by kinematic joints. The equations of motion of the complete biomechanical system were then generated in a systematic way. With this method the rigid bodies were defined using basic points and directional unit vectors that, for this type of biomechanical analysis, were directly associated with the digitized anatomical points and with the joint axes of rotation.



2. Method 2.1. The biomechanical model The inverse dynamic analysis was performed using a biomechanical model that described the kinematic and dynamic characteristics of the human body. The model had 33 rigid bodies combined to define 16 anatomical segments. This whole body response model had 44 degrees-of-freedom that only used revolute and universal joints to interconnect the rigid bodies. The 16 anatomical segments and the kinematic structure of rigid bodies and kinematic joints are illustrated in Fig. 1.



When modeling with natural coordinates, each rigid body was defined using the Cartesian coordinates of a set of basic points and unit vectors. In this model, shown in Fig. 1(b), the rigid bodies were constructed using 25 basic points, located at the kinematic joints and extremities, and by 22 unit vectors defined as the rotation axis of the associated kinematic joints. The movement of the biomechanical model throughout the analysis is given by the trajectory curves of these points. These curves were obtained using the images collected by four video cameras that sampled at 60 Hz. The images were synchronized and the screen coordinates of the basic points digitized. Once the images were digitized, the three-dimensional motion was reconstructed using Direct Linear Transformations [4]. The ground reaction forces were measured using three force plates that sampled at 60 Hz. The trajectory curves of the anatomical points and external applied forces were filtered using a 2nd order Butterworth low-pass filter with a zero-phase shift [5] with different cut-off frequencies. A 3.0 Hz cut-off frequency was used for the trajectories of the points defining the limbs, while a 2.0 Hz cut-off frequency was applied in the trajectory of the points defining the trunk, neck and head of the biomechanical model. For the external force curves and associated application points, cut-off frequencies of 10 and 2.5 Hz were used respectively. The sequence of points to be digitized and the arrangement of the cameras and force plates in the gait laboratory is shown in Fig. 2. The biomechanical model preserved constant anthropometric dimensions at every time step during the analysis



Fig. 1. The biomechanical model. (a) The sixteen anatomical segments. (b) The kinematic structure of rigid bodies and revolute and universal joints.
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Fig. 2. (a) Sequence of digitized points. (b) The gait laboratory apparatus.



period to ensure kinematic consistency of the input data. This was accomplished in three-steps: firstly, the average anthropometric link lengths were calculated using the kinematic information from all time steps; secondly, the curves of every degree-of-freedom of the model were computed to be used as driver constraints in the kinematic analysis; and thirdly, these curves, together with the average link lengths, were used in a kinematic analysis to produce the final set of consistent kinematic data [1,6]. Each rigid body of the biomechanical model was defined by a collection of physical characteristics, such as anthropometric link length, mass, moments of inertia and distance from the centre-of-mass to the proximal joint. Table 1 presents the standard data for 16 anatomical segments and the corresponding equivalent distribution over the 33 rigid bodies of a 50th percentile human male [7]. The dimensions indicated are represented in the biomechanical model depicted in Fig. 3. For subjects with different body sizes, this data was scaled using appropriate scaling factors [7].



generalized external forces, λ is the vector with the Lagrange multipliers associated with the kinematic constraints and q is the Jacobian matrix of the constraints. In the inverse dynamic analysis, all the terms appearing in Eq. (1) are known or can be computed, except for the vector of Lagrange multipliers λ. This vector is closely related with the reaction forces and net moments-of-force occurring at the joints of the biomechanical model, and it can be calculated as:



2.2. Equations of motion of a multibody system



The method and the biomechanical model described above were applied to a normal 25-year-old male (height 1.70 m, total body mass 70 kg) who wore running shoes during gait analysis. Data collection began at the time step just before right heel contact with the floor, and ended at the next heel contact of the same foot. During the stride period, the subject walked over three force plates that measured the ground reaction forces for both feet. A total number of 66 frames were recorded at a sampling frequency of 60 Hz. The trial had a total duration of 1.083 s that corresponds to a cadence of approximately 111 steps per minute. Inverse dynamic analysis was then performed based on the positions, velocities and accelerations of the centre-of-mass of each rigid body and on the ground forces to evaluate the joint reaction forces and moments-of-force at each kinematic joint.



The general-purpose multibody method that uses natural, or fully Cartesian, coordinates to define the position and orientation of a rigid body in a three-dimensional space was used for inverse dynamic analysis. The equations of motion for the complete set of rigid bodies were assembled in a systematic way [2,8,9]. For a biomechanical model, made of rigid bodies interconnected by kinematic joints and acted upon by externally applied forces, the equations of motion were described as: Mq¨ + Tq λ = g



(1)



where q¨ is the vector with the generalized accelerations, M is the system global mass matrix, g is the vector with the



Tq λ = −Mq¨ + g



(2)



In mechanical systems, such as the biomechanical model, where redundant constraints are present, the solution of Eq. (2) is not straightforward and the Minimum Norm Condition was applied to ensure computational feasibility for the solution [2]. 2.3. Application to a normal cadence stride period
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Table 1 Anthropometric data for the 50th percentile human male Model with 16 anatomical segments Description



Nr.



Length ∗



Model with 33 rigid bodies CM location ∗



Mass ∗



Moments of inertia (10−2



(10−2



[10−2



Nr.



Length



i



Li (m)



CM Location



Mass



Moments of inertia



Li (m)



di (m)



di (m)



mi (kg)



Ixi (10−2 kg m2 )



Ixi (10−2 kg m2 )



Ixi (10−2 kg m2 )



1.420 11.360 1.420



2.622 19.550 2.622



1.009 10.010 1.009



2.622 20.980 2.622



Li (m)



di (m)



di (m)



mi (kg)



Ix i kg m2 )



Iy i kg m2 )



Ix i kg m2 )



Lower torso



I



0.275



0.064



0.094



14.200



26.220



13.450



26.220



6 7 8



0.188 0.275 0.188



– 0.188 –



0.094 0.079 0.094



– 0.094 –



Upper torso



II



0.294



0.101



0.161



24.950



24.640



37.190



19.210



19 20 21 22 23 24 25



0.161 0.161 0.294 0.294 0.294 0.161 0.161



– – – – – – –



0.000 0.000 0.079 0.079 0.079 0.000 0.000



– – – – – – –



0.624 0.624 7.485 7.485 7.485 0.624 0.624



1.417 1.417 2.875 2.875 2.875 1.417 1.417



1.395 1.395 7.066 7.066 7.066 1.395 1.395



1.393 1.393 4.546 4.546 4.546 1.393 1.393



Head R upper arm



III IV



0.128 0.295



0.020 0.153



0.051 –



4.241 1.991



2.453 1.492



2.249 1.356



2.034 2.487



33 17 18



0.128 0.295 0.295



0.191 – –



0.020 0.153 0.153



0.051 – –



4.241 0.996 0.996



2.453 0.746 0.746



2.249 0.678 0.678



2.034 0.124 0.124



R lower arm and hand



V



0.376



0.180



–



1.892



0.192



2.871



2.204



15



0.250



–



0.123



–



0.701



0.062



0.482



0.149



16 14



0.250 0.185



– 0.090



0.123 0.093



– 0.045



0.701 0.489



0.062 0.067



0.482 0.146



0.149 0.148



XIII L upper arm



VI



0.295



0.153



–



1.991



1.492



1.356



0.249



26 27



0.295 0.295



– –



0.153 0.153



– –



0.996 0.996



0.746 0.746



0.678 0.678



0.124 0.124



L lower arm and hand



VII



0.376



0.180



–



1.892



0.192



2.871



2.204



28



0.250



–



0.123



–



0.701



0.062



0.482



0.149



29 30



0.250 0.185



– 0.090



0.123 0.093



– 0.045



0.701 0.489



0.062 0.067



0.482 0.146



0.149 0.148



XIV R upper leg



VIII



0.434



0.215



–



9.843



1.435



15.940



9.867



4 5



0.434 0.434



– –



0.215 0.215



– –



4.922 4.922



0.718 0.718



7.970 7.970



4.934 4.934



R lower leg and foot



IX



0.467



0.230



–



4.808



10.480



13.220



5.708



2



0.439



–



0.151



–



1.813



0.543



1.915



1.570



3 1



0.439 0.069



– 0.271



0.151 0.035



– 0.091



1.813 1.182



0.543 0.129



1.915 0.128



1.570 2.569



XV L upper leg



10



0.434



0.215



–



9.843



1.435



15.940



9.867



9 10



0.434 0.434



– –



0.215 0.215



– –



4.922 4.922



0.718 0.718



7.970 7.970



4.934 4.934



L lower leg and foot



XI



0.467



0.230



–



4.808



10.480



13.220



5.708



11



0.439



–



0.151



–



1.813



0.543



1.915



1.570



12 13



0.439 0.069



– 0.271



0.151 0.035



– 0.091



1.813 1.182



0.543 0.129



1.915 0.128



1.570 2.569



31 32



0.122 0.122



– –



0.061 0.061



– –



0.531 0.531



0.134 0.134



0.107 0.107



0.107 0.107



XVI Neck



XII



0.122



0.061



–



Refer to the corresponding dimensions in Fig. 3.



1.061



0.268



0.215



0.215
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Fig. 3. Anthropometric dimensions of the biomechanical model. Refer to the values in Table 1.



2.4. Sensitivity analysis



mation [12], written as:



The perturbed input data parameters were: head, right hand, lower torso, upper and lower leg masses, the Cartesian coordinates of the anatomical points at the top of the head and at the knee, the components of the ground reaction force for the right foot and the coordinates of the point of application of the ground reaction force in the right foot. Two levels of perturbations were tested for each parameter to ensure the consistency of the results. The mass parameters were perturbed by 0.01 kg and by 1.0 kg, the length parameters by 0.01 and by 0.1 m, while the force parameters were perturbed by 1 and 9.8 N. Perturbations of 0.01 and 1.0 kg were introduced in the body mass of the head (body 33), right hand (body 14) and lower torso (body 7). It should be noted that errors of 1.0 kg in the anatomical segments masses or 0.1 m in the length parameters were not expected. Therefore, this level of perturbations can be seen as a way to ensure that the numerical evaluation of the sensitivities was reliable by being independent of the amount of perturbation actually used. The sensitivities were expressed as the first derivative of a system response with respect to the perturbed parameter [12]. In this work, the moments-of-force in the joints of the biomechanical model were the system response, while the perturbed parameters are those described before. The first derivative was calculated using a finite-difference approxi-



∂m mP − mNP = ∂a aP − aNP



(3)



where ∂m/∂a is the sensitivity of the moment m to the anatomical parameter a, mP and mNP are the perturbed and the non-perturbed response moments, respectively and aP and aNP are the perturbed and the non-perturbed anatomical parameters, respectively. The sensitivities of the moments-of-force to these perturbations were calculated for every joint of the biomechanical model during the stride period.



3. Results 3.1. Ground reaction forces and moments The ground reaction forces are depicted in Figs. 4–6 for both feet, and the respective centre-of-pressure curves are presented in Fig. 7. Only the moments-of-force occurring at the ankle, knee and hip of the right leg are presented. These results, depicted in Figs. 8–10, were within the expected values reported in the literature for a normal cadence stride period [10].
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Fig. 4. Anterior–posterior component of the ground reaction force for the right and left feet.



Fig. 5. Medial–lateral component of the ground reaction force for the right and left feet.



Fig. 6. Vertical component of the ground reaction force for the right and left feet.
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Fig. 7. Centre-of-pressure curve for right and left feet.



Fig. 10. Net moment-of-force (scaled by the body mass) for the right hip joint. Fig. 8. Net moment-of-force (scaled by the body mass) for the right ankle joint.



3.2. Sensitivity to a perturbation introduced in an anatomical segment mass In Fig. 11, the degree-of-freedom/joint numbers are presented for the whole biomechanical model. The curves of the non-zero sensitivities are plotted in Figs. 12 and 13. The labels on the charts represent the degree-of-freedom/joint number in which non-zero sensitivity occurs. The results show that all the non-zero sensitivities were associated with kinematic joints located along the bold line



Fig. 9. Net moment-of-force (scaled by the body mass) for the right knee joint.



Fig. 11. Index of the degrees-of-freedom of the biomechanical model.
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Fig. 12. Sensitivity to a 0.01 and 1 kg perturbation of the head mass.



of the biomechanical model shown next to each figure. The net-moments of force in all the other biomechanical joints were not sensitive to the perturbations introduced in the body mass of the selected anatomical segments. With the exception of the lower torso, a perturbation introduced in a rigid body mass only affected the net moments-of-force directly associated with the kinematic branch to which the perturbed body belonged. This suggests that net moments-of-force occurring at kinematic joints belonging to other kinematic chains were shielded from perturbations occurring in a particular branch of the kinematic structure. Therefore, a variation in the head or hand mass did not affect the moments calculated at the ankle, knee or hip, because these joints belonged to a different kinematic branch. Furthermore, the results also showed that perturbations in the mass of the lower torso did not affect the net moments of force at any other biomechanical joint. The sensitivities to 0.01 and 1 kg perturbations were very similar, showing that the finite differences were good ap-



proximations of the first derivative of the system response. Maximum absolute values of approximately 2 and 5 Nm/kg were found for the sensitivity of the moments to changes in the head and hand mass, respectively. This means that if an error of a 1 kg is made in the body mass of a rigid body a difference of less than 10 Nm is expected in the response of the system in terms of the moments-of-force in the joints. This indicates that the results, produced by the multibody method, were not very sensitive to small errors made in the determination of the mass of the anatomical segments. 3.3. Sensitivity to a perturbation introduced in the Cartesian coordinates of an anatomical point Perturbations of 1 cm and 1 dm were introduced in the reconstructed coordinates of the anatomical point 23, located in the top of the head. The non-zero sensitivities are presented in Figs. 14–16. The analysis of the results shows that a perturbation in the coordinates of a digitized point only



Fig. 13. Sensitivity to a 0.01 and 1 kg perturbation of the right hand mass.
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Fig. 14. Sensitivity to 1 cm and 1 dm perturbation of the X coordinate of point 23.



Fig. 15. Sensitivity to 1 cm and 1 dm perturbation of the Y coordinate of point 23.



Fig. 16. Sensitivity to 1 cm and 1 dm perturbation of the Z coordinate of point 23.
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affects the moments of the degrees-of-freedom directly associated with the kinematic branch to which the perturbed point belongs. Once again, the results show that the developed method did not propagate digitization errors outside the kinematic chain where they occur. The sensitivity curves for the 0.01 and 0.1 m perturbations were similar indicating that the finite differences produced good results. Maximum absolute values of approximately 22, 18 and 3 Nm/m were obtained for the sensitivities when perturbing the X, Y and Z point co-ordinates, respectively. This result was directly associated with the typical errors made in digitization and shows that the results produced by the multibody method were not very sensitive to small errors. For the case study presented, a digitization error of 0.01 m produced an error that was less then 0.3 Nm in the response of the system.



3.4. Sensitivity to a perturbation on the components of an externally applied force The sensitivities of the moments-of-force to perturbations of 1 and 9.8 N introduced in the components of the ground reaction force applied in the right foot perturbation are presented in Figs. 17–19. A perturbation in the components of an externally applied force only affected the moments in the joints that were directly associated with the kinematic branch to which the perturbed force was applied. Maximum absolute values of approximately 0.8, 0.8 and 0.7 Nm/N were obtained respectively when perturbing the X, Y and Z components of the external force. These results reveal a measurable sensitivity to errors occurring in the measurement of an externally applied force, since a small variation of 1 N, which can easily occur in a



Fig. 17. Sensitivity to 1 and 9.8 N perturbation of the X component of the ground reaction force.



Fig. 18. Sensitivity to 1 and 9.8 N perturbation of the Y component of the ground reaction force.
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Fig. 19. Sensitivity to 1 and 9.8 N perturbation of the Z coordinate of the ground reaction forces.



force-measuring device, could produce variations close to 1 Nm in the net-moments of force for the hip joint. According to Fig. 10 the hip moment-of-force was within the range of 56 to −50 Nm. Therefore, for 10% of the stride the moment error due to a variation of 1 N of the ground reaction force was about 2% while for 20–30% of the stride such error was larger than 10%. 3.5. Sensitivity to a perturbation of the application point coordinates of an externally applied force Perturbations of 0.01 and 0.1 m were introduced in the application point coordinates of the ground reaction force applied on the right foot. The sensitivities of the moments-of-force in the joints are presented in Figs. 20–22.



The results show that a perturbation in the application point coordinates of an external applied force only affected the moments in the degrees-of-freedom directly associated with the kinematic branch to which the perturbed contact point belonged. Maximum absolute values of approximately 750, 1100 and 140 Nm/m were found when perturbing respectively the X, Y and Z coordinates of this point. The ankle, knee and hip joint moments-of-force in the sagittal plane, represented by the degrees-of-freedom 01, 04 and 07, respectively, were extremely sensitive to errors in the calculation of the coordinates of the application point of an externally applied force, especially for its X coordinate. The ankle and hip joint moments-of-force in the frontal plane, represented by degrees-of-freedom 02 and 06, respectively, were also sensitive to the precision of the calculation of the



Fig. 20. Sensitivity to 1 cm and 1 dm perturbation of the X coordinate of the application point.
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Fig. 21. Sensitivity to 1 cm and 1 dm perturbation of the Y coordinate of the application point.



Y coordinate of the force application point. From the model used for the knee joint, i.e. a revolute joint, it was expected that the joint reaction moment in the knee had a similar sensitivity to those of the ankle and hip net moments-of-force. The variation of 0.001 m in the X coordinate of the contact point could produce an error of 0.5–0.8 Nm for the ankle and hip net moments-of-force in the sagittal plane, throughout most of the stride period. This error is less than 1% for the maximum moment at the ankle that can have a maximum moment of 100 Nm for a 50th percentile male. However, for up to 20% of the stride period the net moment-of-force was within 0 and 17 Nm. Here, the moment error due to a 0.001 m change of the force application point was higher than 6%. The relation between the errors in the net moments associated with the knee and hip joints and the precision in the acquisition of the location of the point of application of the external forces was similar to that of the hip moment for the first 20% of the stride period.



3.6. Sensitivity to a perturbation of the coordinates of the knee anatomical points The sensitivities of the moments-of-force in the joints of the biomechanical model are presented in Figs. 23–25. Maximum sensitivities of 400, 1500 and 200 Nm/m were obtained for the knee joint moment-of-force for perturbations of the X, Y and Z coordinates of the knee anatomical point, respectively. The sensitivities observed for the knee anatomical point were similar to those obtained for the location of the point of application of the external forces. 3.7. Sensitivity to a perturbation of the masses of the leg anatomical segments Perturbations of 0.01 and 1.0 kg were introduced in the body mass of the upper leg and lower legs and are represented respectively by bodies 8 and 9 in Fig. 1a. The



Fig. 22. Sensitivity to 1 cm and 1 dm perturbation of the Z coordinate of the application point.



M.P.T. Silva, J.A.C. Ambr´osio / Gait and Posture 19 (2004) 35–49



Fig. 23. Sensitivity to 1 cm and 1 mm perturbation of the X coordinate of the knee anatomical point.



Fig. 24. Sensitivity to 1 cm and 1 mm perturbation of the Y coordinate of the knee anatomical point.



Fig. 25. Sensitivity to 1 cm and 1 mm perturbation of the Z coordinate of the knee anatomical point.
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Fig. 26. Sensitivity to 0.01 and 1 kg perturbation of the upper leg mass.



sensitivities that are not null are plotted in Figs. 26 and 27, respectively. The net moments-of-force present a low sensitivity to uncertainties in the evaluation of the legs anatomical segment masses. The hip moment-of-force, in the sagittal plane, had a maximum sensitivity of 4 Nm/kg with respect to the lower leg mass. Based on Fig. 10, the hip moment for a 70-kg male was 50 Nm, for 50% of the stride period. Therefore, an error of 0.1 kg in the lower leg mass corresponded to a variation of 0.4 Nm in that moment, which is an error smaller than 1%. This result is indicative of the differences to be expected in gait analysis due to the use of different tables for the anthropometric data. The sensitivities presented in Figs. 26 and 27 show that the gait results, in terms of the joint moments-of-force, were not very sensitive to these different anthropometric tables.



4. Discussion A sensitivity analysis was carried out to study the importance of the input data accuracy on the quality of the results produced by the inverse dynamic analysis of a human stride period. The human body was modelled with a multibody method that used natural coordinates to describe the position and orientation of each rigid body in a three-dimensional space. There were no kinematic constraints associated with revolute or spherical joints in this method, since these were defined by specifying points and vectors that were shared by different rigid bodies. This characteristic not only reduces the number of kinematic constraint equations necessary to define the kinematic structure of the mechanical model, but also reduces the number of natural coordinates required to define the mechanical system. This type of multibody method is particularly suitable for use in



Fig. 27. Sensitivity to 0.01 and 1 kg perturbation of the lower leg mass.
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biomechanical applications, with special emphasis on inverse dynamic analysis, since the digitised coordinates of the anatomical points are directly applied in the definition of the rigid bodies. Furthermore, the use of more than one rigid body to define each anatomical segment enables the representation of the anatomical joints of the hips, shoulders and neck by mechanical joints with fixed rotation axis, instead of using spherical joints. This is fundamental to prevent numerical difficulties in the inverse dynamics analysis. The sensitivity calculation of the system response due to perturbations introduced in the input data showed that only the net-moments of force in the joints belonging to the same kinematic chain of the perturbed parameter were affected. This shows that the methods used in the inverse dynamic analysis shielded the results in a particular biomechanical chain from perturbations occurring in other kinematic branches of the biomechanical model. It was not expected that the lack of precision in the reconstruction of the head spatial motion or in the definition of the inertia properties of an arm, would, for example, affect the evaluation of the forces and moments at the knee joints. Each parameter was independently perturbed and a new analysis is performed to evaluate the sensitivity of the results to that perturbation to simulate the imprecision of the input data. It was shown that the inverse dynamic analysis results were very sensitive to errors made in the acquisition of the externally applied forces and their application points. Moreover, the quality of the gait analysis was also dependent on the precision of the spatial reconstruction of the anatomical point positions of the anatomical segments of the kinematic chains to which external forces were applied. It was observed that when there were no external forces, for instance during the aerial trajectory of a leg, the sensitivity of the net moments-of-force to imprecision in the anatomical points’ positions became meaningless. The most common errors resulted from uncertainties in the segment body mass and inertia, errors in the reconstruction of the spatial coordinates of the digitized points and inaccuracies in the acquisition of the externally applied forces and respective application points. The model’s response was comparatively much less sensitive to errors in the estimation of the mass of the anatomical segments and even those kinematic chains that had external forces applied to them. This indicates that the sensitivity of the gait analysis results to different tables of anthropometric data was relatively low. In conclusion, major improvements in the quality of gait analysis results can be obtained by: improving the evaluation of the points of application of ground reaction forces; increasing the precision of spatial reconstruction of the anatomical points associated to the anatomical segments in the kinematic chains where external forces are applied; improving force acquisition, and including the synchroniza-
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tion between kinetic and kinematic data. The improvement of the precision with which other anatomical parameters are obtained, such as the spatial position of joint anatomical points in kinematic chains in which no external forces are applied, or of anthropometric parameters such as the anatomical segments masses, play a relatively smaller role in the improvement of the quality of the gait results.
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