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Abstract Human motion-capture and computational analysis tools have played a significant role in a variety of product-design and ergonomics settings for over a quarter-century. In moving beyond traditional kinematic (and its dual-static) settings, advances in biomechanics and multibody dynamics have led up to computational analysis tools that can provide significant insights into the functional performance. Such tools now offer the ability to perform numerous what-if type analyses to help virtually-evaluate scenarios, thereby providing enormous cost- and time-savings. However, there exist significant differences in the capabilities and ease-of-use between these tools, necessitating a careful evaluation. Hence, in this paper, we perform comparative analysis of motion data from two alternate human motion-capture systems (Vicon vs Kinect) processed using state-of-the-art computational-analysis systems (AnyBody Modeling System/Visual3D). The quantitative evaluation of a clinically relevant task (squatting) facilitates an objective evaluation of functional performance including effects of motion capture fidelity (from various sources) and the role of preand post-processing (calibration, latent dynamics estimation). Keywords: Human Modeling, Motion Capture, Kinect, Validation, Clinical Application.



1. Introduction Biomechanics research and clinical rehabilitation have long relied on quantitative motion capture coupled with subsequent computational analyses to help with diagnosis and treatment of various movement disorders (Winter 2004). The advent of the Kinect motion capture system potentially offers an opportunity to track human motion in real-time at a fraction of the cost of conventionally-equipped gait labs. Together with computational human modeling and analysis tools, this offers an opportunity to potentially gain insight into functional performance of humans outside the limiting motion-capture- lab setting. However, multiple factors need to be considered in supporting the deployment of such a framework. However, there exist significant differences in the capabilities and ease-of-use between these tools, necessitating a careful evaluation. Hence, in this paper, we perform comparative analysis of motion data from two alternate human motion-capture systems (Vicon vs Kinect) processed using state-of-the-art computational-analysis systems in the form of the AnyBody Modeling System (AnyBodyTech 2012) and Visual-3D (C-Motion 2012). In order to retain clinical relevance, we focus our attention on quantitative evaluation of squatting. Work-related musculoskeletal disorders
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are one of the greatest occupational health concerns and stooping/squatting posture is the dominant cause of the disorder. A squatting posture can be described as a “bending of the knee so that buttocks rest on or near the heels” or defined as “low working height”, “near ground level” and “at or below knee height”. The squatting posture is one of most prevalent in agriculture, construction, mining and other profession not usually considered to be physically demanding so it is important to understand and recognize the entailed risks (Fathallah and Meyers 2004).



(a) (b) Figure 1: (a) FMS scoring criteria for deep squat scoring 3 (Cook and Burton 2011), (b) Knee flexion angles for the preoperative and postoperative and control groups (Ramsey et al. 2007)



The Functional Movement Screening (FMS) test is a method of evaluating basic movement abilities. The test is comprised of seven fundamental movement patterns including deep squatting that require a balance of mobility and
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stability. Deep squatting is used to assess bilateral, symmetrical and functional mobility of the hips, knees and ankles (Cook and Burton 2011). From a clinical perspective, measuring knee joint angle is a fundamental and critical technique both for diagnosis of knee deficit and monitoring improvement for treatment. Ramsey et al. (2007) introduced the effect of anatomic realignment on muscle function. They show that static alignment improves medial laxity, stability and adduction moment but requires accurate measurement of knee angle. Figure 1-(b) reproduces knee flexion angles for the pre-operative, post-operative and control groups, originally presented in Ramsey et al. (2007). Hence in this work, we focus on quantitatively comparing the knee flexion angle estimates for subjects (acquired using multiple synchronized motion capture methods and postprocessed with different biomechanical analysis software). Dutta (2012) assessed the accuracy of Kinect system by using Vicon system as a gold standard. The Kinect system can detect 3-D coordinates of markers with RMS error of 5.7mm to 10.9mm over the range of 1.0m to 3.0m. Gabel et al. (2012) examined the capability of Kinect system to extract gait information. Pedro and Caurin (2012) showed that Kinect system has good repeatability in its central region and it progressively worsens with increasing depth. Sinthanayothin et al. (2012) surveyed different techniques for vision-based human motion captures and analysis along with the capability of Kinect system for human skeleton tracking. Rincón et al. (2011) studied the feasibility of recovering human pose with data from a single camera by using particle- or Kalman-filters. However, most previous work focused on directly comparing motion-capture performance between the Kinect system and high-end measurement systems (Vicon); improving motion-capture capabilities without considering objective performance assessments; and especially without clear consideration of clinical aspects. Computational musculoskeletal analysis tools use motion-capture as input and permit estimation of latent/internal human variables (eg. muscle/tendon-/joint-reactions, mechanical work, or metabolic power consumption). Examples include both commercial tools such as Visual-3D (CMotion 2012) and AnyBody Motion System (AnyBodyTech 2012), as well as the more recent open source tools such as OpenSim (Simtk.org 2012). Musculoskeletal models are built upon a framework of constrained articulated multibody systems – with rigid skeletal bones overlaid with multiple muscles that serve to both constrain and actuate the system. The governing equations can be obtained as the constrained dynamic equations of this articulated multibody system. However, the significant actuation redundancy creates



indeterminacy for resolving muscle–actuator force distribution via inverse dynamic analyses, and is resolved by use of optimization approaches. 2. Materials and Methods Our study beings with motion-capture of squatting using two alternate synchronized systems – a high-fidelity Vicon MX System (Vicon 2013) together with a low-cost commercial-off-the-shelf Kinect sensor. The Vicon motion capture system uses high-speed (120Hz) digital cameras to track retro-reflective markers placed over body segments (head–neck, trunk, pelvis, arms, forearms, thighs and feet), from which 3D human movement is inferred using reconstructed 3D maker trajectories. We employ an 8 camera Vicon MX system that is synchronized with Kinect system via a video synchronizer (Kistler 5610), as seen in Figure 4. The Kinect system consists of Kinect sensor interfaced via either the Kinect Windows API or the Kinect Windows SDK. The Kinect system can stream color image, depth image data and also can recognize and track human skeleton joints. The Kinect system can recognize up to six human objects in the field of view and up to two objects can be tracked in detail. Furthermore it provides the information of absolute positions of joints in Kinect camera coordinate and the orientation of bone in the form of quaternions and rotation matrices.



Figure 2: Overall procedure overview: motion capture, inverse kinematic analysis, filtering/calibration of the data.



Both human motion-capture systems can provide positions of markers or anatomical landmarks. However, data from Kinect system has significant residual error and needs to be calibrated and filtered with either a kinematic-calibration or Kalman-filtering process (as illustrated in Figure 2). Additonally the position and orientation information of joints and links of human body segment are analyzed using AMS/Visual-3D. In this paper, we will consider the result from Vicon motion-capture combined with the AMS/Visual-D as gold standard – although the error from softtissue artifact needs to be considered (Benoit et al. 2006).
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(a)



(a)



(b)



Figure 3: (a) Subject with reflective markers; and (b) Marker set for Vicon system



Three healthy male subjects without knee injury history were studied and marker set for AMS full body gait model are adapted. Reflective markers were fixed on 41 anatomical landmarks as presented in Figure 3 and subjects were asked to perform a series of gentle squatting trials and each subject was given several practice trial before recording. Five measurement trials were recorded for each movement task as well as a standing reference trial before the movement trials.



(b)



(c)



(d)



Figure 5: Kinect system’s skeletal frame and knee joint angle data when (a) Kinect system detects second subject, (b) and (c) part of body is not in the workspace, and (d) subject is located in ideal position



(a)



(b)



(c)



Figure 4: (a) Motion capture system configuration; Inverse Kinematic/Dynamic Analysis from (b) AMS, (c) Visual 3D



(a)



3. Results 3.1 Optimal Environment for Kinect system Kinect system’s skeletal tracking is designed to recognize users facing the sensor and Kinect system can recognize people located between 0.8 meter and 4.0 meter away, suggesting a practical range of 1.2 to 3.5 meter (Microsoft 2013). We have observed that the performance of Kinect system depends critically on the location of subject within the workspace. As shown as Figure 5, detection of second subject causes the tracking performance of the primary subject to deteriorate. Thus, although it is able to simultaneously track multiple human subjects: (i) we will restrict its use toone subject at a time; while (ii) ensuring all body segments are within the workspace of Kinect system. Figure 5(a) shows the effect of second subject detection, (b) and (c) shows the relationship between subject’s position in the workspace and performance of Kinect system, while (d) illustrates the ideal location of subject for motion capture and corresponding inferred knee joint angles.



(b)



(c)



Figure 6: Kinect system’s skeletal frame and knee joint angle data when Kinect system is located at: (a) front view, (b) side view, and (c) diagonal view
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Figure 6 depicts the skeletal frames and knee joint angle captured by Kinect system during level gait. Only full-frontal configurations (where the subject is facing the sensor) provides a reasonable knee joint angle profile, and can also be observed using the gold-standard system. 3.2 Primary Inverse Kinematic Data The error of measurement system can be classified into two categories – accuracy and precision. Accuracy is the difference between the part’s measured and actual value and can be assessed in terms of bias linearity and stability. The precision is the variation when the same part is measured repeatedly with the same device and can be characterized in terms of repeatability and reproducibility. Figure 7 depicts the knee joint angle of four independent trials. Since identical squatting motions (exactly same as previous trials) cannot be realized, classical methods to assess repeatability cannot be directly employed.



magnitude than the ones from AMS and Visual 3D.



(a)



(b)



Figure 8: Joint angle plots captured by Kinect system, Vicon system and analyzed by AMS, Visual3D for (a) left knee and (b) right knee angle (a)



(b)



The knee joint angle is often extracted and used for comparisons of in gait and posture study. The accuracy of Kinect system was calculated as the difference between knee joint angle of gold standard and Kinect system. The average error and standard deviation between them are presented in Figure 9 and Table 1. The solid blue line in Figure 9 is the absolute error values of knee joint angle derived from AMS and Visual-3D which is very close to each other. The dotted red line is the error between data from AMS and Kinect system which shows significant difference in both average and STD of error.



(c)



Figure 7: Right knee joint angle from four trials of squatting captured by (a) Kinect system, (b) Vicon system/AMS, (c) Vicon system/Visual-3D



AMS and Visual-3D used same motion capture data from Vicon system and analyze it with their own human model and kinematic optimization algorithms. The knee joint angles calculated by different tool show almost same profile however data from Kinect system shows a much smaller



Figure 9: Error of joint angle (Original)



Table 1:Average and STD of the error (Original)
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3.3 Kinematic Calibration



(a)



are gold standard. Before the kinematic calibration, offset of joint positions (between AMS and Kinect system’s model) needs to be applied. The least squares method offers one means for optimal estimation of the unknown parameters, (̂) that minimizes the sum square of residual errors:



where e is residual error. Given a process model: ̃



(b)



Figure 10: (a) Skeletal model of right leg; and (b) Kinematic calibration procedure



As seen in Figure 11, the joint angle shows consistent pattern comparing to the length of limb segments. The maximum deviations of the length of shank and thigh are 122mm and 190mm respectively although the lengths of segments from AMS and Visual-3D analysis are constant. Broadly we note that the Kinect system has better capability to measure the orientations of segments than measure joint positions.



where ̃ is measured value which is the position of knee and hip joint, H is basis function matrix which represent forward kinematics of two links serial chain, is true value which is the length of shank and thigh, and is measurement error (assumed as zero in this problem). The relationship between joint positions and link lengths can be written as:
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where Oi are offset values of knee and hip joint position between Kinect system and AMS model which can be measured from subjects directly during motion capturing and can be considered as constant. We assumed residual error and offset as constant. Thus,
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The optimal estimate ̂ can be expressed as: ̂



Figure 11: (a) Length of shank and thigh; (b) Angle of right knee joint captured by Kinect system



The knee joint angle calculated from Kinect system follows the ground truth data from AMS and Visual-3D. As a first trial, we assumed the orientation information of segments captured by Kinect system is reasonably accurate, but that the length of lower limb segments are not. We will also assume that the joint positions analyzed by AMS
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Figure 12 depicts the joint angle of knee joint, as calculated by forward kinematics of two link serial chain, with optimal link lengths and calibrated knee joint angle (Crassidis and Junkins 2004). The calibrated knee angles are much closer to the ground truth values (shown as dotted red line in Figure 12) as compared to the output knee angles from Kinect system. However, this requires kinematic calibration parameters (link lengths, offset values) to be additionally estimated.
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(a)



Figure 13: Error of joint angles (Calibrated)



(b)



Table 3:Average/STD of the error (Calibrated) Figure 12: Joint angle plots captured by Kinect system/AMS and a kinematically-calibrated Kinect data for (a) left knee and (b) right knee



Table 2 shows the lengths of body segments captured from AMS, Kinect system and estimated by least square method. As discussed in the section above, the lengths from Kinect system (during squatting motion) are not consistent comparing with the data from AMS. However the lengths captured at initial stationary posture are very close to the data from AMS and optimal estimated values. Hence link length estimate from Kinect system (at stationary postures ) can be used to bootstrap the kinematic calibration process. The offset value between AMS and Kinect model can be derived from statistical search for the relationship between two models.



Table 2: Length of shank and thigh captured by Kinect/AMS system vs. least squares estimates



The effect of kinematic calibration is worthy of close attention, considering the simplicity of implementation. The average and STD between knee joint angle from Kinect/AMS and the calibrated Kinect system is very close to the ones from AMS and Visual-3D as shown in Figure 13 and Table 3.



3.3 Kalman Filtering As seen in the previous section, the skeleton data obtained from Kinect system is not accurate. The knee angle calculated from the skeleton points shows large discrepancy from the ground truth (AnyBody result based on Vicon data). However, qualitatively it still captures the trend, although significant quantitative difference remain. Therefore we sought to improve the performance by Kalman Filtering. While the previous attempt of calibration shows good result, it relies on accurate Vicon data for each trial. The goal herein is to use only Kinect to obtain an estimate as close as possible to the Vicon system. Based on observed data, we found that the initial skeletal data from standing posture is relatively good; the link lengths computed are very close to ground truth. As the subject starts moving, the data gets worse, but one is able to discern the movement pattern. Therefore, we use the following assumptions: (a) subject’s leg length is constant allowing capture of the best data from standing posture, then we just use the initial leg length; (b) since Kinect is still able to capture rough movement pattern, we run a first pass of calculating the knee angle from raw kinect data, and use that to drive the motion model; (c) since the main component of the motion is planar, as a starting point and for simplicity, we use the planar two link model for each leg. We assumed that the ankle position ( ), is fixed during squatting motion. We set the origin of coordinate frame at the ankle. For the knee ( ), the forward kinematics is ( ) , differentiating to get ̇ ( ) ̇ , and ̈ ̈ ̇( ) ̇ ( ) . Similarly for the hip
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Figure 14 and Table 4 show the estimation results. To illustrate the effectiveness, the noise covariance value is tuned according to only trial RB111 left leg (first trial), then the same value is applied to the rest of the trials. As can be seen, the estimated angles are consistently and significantly improved from the raw Kinect data, for all other cases. We anticipate getting better estimates when we have more trial data and obtain a better statistical noise characteristic.



and the observation model is the skeletal points at the ankle, knee and hip: ,



where are the corresponding process and observation noise, which are assumed to be Gaussian, with covariances . Then we can apply the Kalman Filter (Kalman 1960) to try get an estimate of the joint positions, from which we calculate knee angle: Figure 15: Error of joint angles (Kalman Filter)



Predict: ̂



̂



Update: ̂



̂
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̂
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where the Kalman gain is computed as: (C



)



(a)



(b)



Figure 14: Kalman filter result of knee angles from three trials using same parameter



Table 4: Average/STD of the error (Kalman Filter)



4. Discussion Two motion capture systems – a low-fidelity and low-cost Kinect framework and the moreexpensive, higher fidelity Vicon – were examined to aid quantitative knee-angle estimation in a clinically-focused squatting study. In particular, we sought to compare the systems in terms of quantitative performance criteria including workspace, sampling rate, accuracy and portability. The combination of Vicon Motion-capture with AMS/Visual-3D post-processing yields outstanding performance (with huge workspace, high resolution and sampling rate) but with limited portability and high cost. The commercial-off-the-shelf Kinect system offers an ultra-mobile (2.2 kg) solution costing less than $100 but has small workspace, relatively low resolution. Thus direct application of the Kinect system to clinical or research work (without post-processing of raw data) tends to be limited. However, we noted that with suitable post processing offers potential for applicability for clinically relevant use. Specifically, the two methods (kinematic calibration and Kalman filtering) analyzed for the squatting study showed good performance versus
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