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Dynamic Assessment of Finger Joint Loads Using Kinetic and Kinematic Measurements N. VIGNAIS, D.M. COCCHIARELLA, A.M. KOCIOLEK and P.J. KEIR* Department of Kinesiology, McMaster University, Hamilton, ON, Canada, L8S 4K1



Abstract Assessing finger joint loading is essential for the prevention of musculoskeletal disorders of the hand, wrist and forearm. Due to the technical and invasive nature of direct measurement, biomechanical modeling is necessary to evaluate finger joint forces. Most existing finger models have used maximum grip strength in order to quantify joint loads, although it is unlikely that these forces are routinely experienced in typical daily tasks. The purpose of this investigation was to assess finger joint forces continuously during submaximal tasks using an inverse dynamics approach. Eight participants performed a series of finger movements while pressing on a six-degree of freedom force transducer with the index finger. Participants were asked to maintain a 10 N vertical force with the distal phalanx of the finger during the movement while receiving visual feedback. Simultaneously, kinematic data were obtained using an optoelectronic motion capture system at 60 Hz. The index finger (digit 2) was instrumented with 20 reflective markers (4 mm in diameter). The data were used to model the metacarpals and phalanges based on an innovative segment definition technique. Forces were applied to the distal segment of the finger model to calculate joint reaction forces. The finger movements used in this study included isolated flexion/extension of the distal interphalangeal, proximal interphalangeal and metacarpophalangeal joints of the index finger. Results provided by the current model were promising in comparison with the literature. Using an inverse dynamics approach, joint reaction forces were determined continuously during each finger movement providing joint force profiles for each task which were normalized to the external fingertip force. While the current detailed methodology is limited to the laboratory, a refined and simplified model could be used for ergonomic analysis of manual tasks in the workplace. The current model will be integrated with musculotendinous structures to better assess musculoskeletal implications of finger movements and to further understand the link between fingertip loading and hand pathologies. Keywords: Joint Load, Finger Motion, Biomechanical Modeling, Fingertip Force, Inverse Dynamics.



1. Introduction Musculoskeletal disorders of the hand are considered a public health issue (Picavet and Schouten, 2003; Burgess-Limerick, 2007). Understanding how the anatomical structures of the hand, such as the finger joints, react during finger movement is crucial for the prevention of musculoskeletal disorders. Direct measurements of joint forces are invasive and not feasible as a routine procedure, especially in the hand (Pfaeffle et al., 1999; Chalfoun et al., 2005). However, biomechanical modeling can be very useful to predict the mechanical behavior of the hand during motion. Two and three-dimensional biomechanical models have been developed to determine joint reaction forces for different static positions (Chao et al., 1989; Fok and Chou, 2010). Finger joint forces have been found to range from
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2.8 times the input force at the distal interphalangeal (DIP) joint to 6.4 times the applied force at the metacarpophalangeal (MCP) joint (Weightman and Amis, 1982). More recently, the MCP joint reaction force was reported to be as much as ten times higher than the interphalangeal (IP) joints (Fok and Chou, 2010; Goislard de Monsabert et al., 2012). Another three-dimensional model revealed that maximal joint forces up to 450 N may be reached at the proximal interphalangeal (PIP) joint during daily living manual activities such as key, tap, jar turning and jug pouring (Fowler and Nicol, 2000). Modeling of the thumb is of particular concern as its kinematic description has been shown to be more important than either solution method or muscular parameters when predicting thumb tip forces (Valero-Cuevas et al., 2003). Moreover, it has been demonstrated that forces at the IP joint of the thumb range from 1.4 times the input force for grasping activities to 3.7
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times the input force for pinching activities (ValeroCuevas et al., 2003). In these experiments, joint loads are typically determined from static measures of hand posture during maximal exertions (Goislard de Monsabert et al., 2012). However, maximal forces are not typically experienced in daily manual tasks (Butz et al., 2012). Thus the aim of this study was to estimate finger joint forces continuously during submaximal activities by using an inverse dynamics approach. 2. Materials and Methods



Figure 1: (a) Marker set used during finger motion capture and (b) associated biomechanical model.



2.1. Kinetic and kinematic data



2.2. Biomechanical model



Eight healthy participants (4 men, 4 women) participated in this experiment. The McMaster Research Ethics Board approved the study and all participants provided informed written consent. Participants performed a series of finger movements while pressing on a six-degree of freedom force transducer (MC3A-6-100, AMTI, Watertown, MA). Exclusion criteria included peripheral nerve disease, wrist tendinopathy, degenerative joint disease, arthritis, gout, hemodialysis, sarcoidosis, amyloidosis, hypothyroidism, diabetes mellitus, acute injury of the upper extremity, and pain, tingling, or numbness of the hand.



The kinematic data were used to develop a biomechanical model of the finger (metacarpal and phalanges) using Visual3D software (C-Motion, Germantown, MD) (Cocchiarella et al., 2013). Each segment was represented using a frusta of a right circular cone and each metacarpal was defined individually in order to allow movement between metacarpals (Fig. 1b). The trapeziometacarpal (TMC) joint was also included into the modeling of the thumb. A coordinate system was assigned to each segment and joint angles were calculated using an XYZ (Flexion-extension, ulnar-radial deviation, pronation-supination) cardan sequence based on ISB recommendations (Wu et al., 2005). Each joint was assumed to have 6 DOF.



Participants were asked to maintain a 10 N vertical force with the distal phalanx of the finger during the movement while receiving visual feedback. Simultaneously, kinematic data were obtained using an optoelectronic motion capture system sampled at 60 Hz (Raptor-4 Cameras, Motion Analysis Corp., Santa Rosa, CA). Each finger was instrumented with 15 reflective markers in total (4 mm in diameter) corresponding to 5 marker triads (3 markers on a rigid base) placed on the dorsal surface of each segment: distal phalanx, intermediate phalanx, proximal phalanx, metacarpal and base of the forearm. Marker triads defining the metacarpals were placed between the 2nd and 3rd metacarpals, and between the 4th and 5th metacarpals (Fig. 1a). Each participant performed three different movements corresponding to independent flexion/extension of the DIP, PIP and MCP joints of the index finger. Each participant executed three repetitions per movement resulting in a total of nine repetitions. These movements were chosen to allow examination of the degree of freedom (DOF) of a finger joint independently of the other joints.



Forces from the sensor were used as the external reaction force and applied to the distal segment of the finger model (Fig. 2). This force was used in an inverse dynamics approach to calculate each joint reaction force for each finger. Applying Newton’s second law, the forces acting at the proximal joints were determined by the applied fingertip force, the acceleration and mass of each segment.



Figure 2: Reflective markers (grey spheres), force transducer (coloured spheres), resulting force vector (blue arrow) and subsequent modeling of the finger segments (grey frustra) during index finger MCP flexion/extension.



2



N. Vignais, Assessment of Finger Joint Loads



Joint force and moment profiles during index finger movements were computed, filtered (second-order Butterworth filter, cut-off frequency = 12Hz) and normalized to the external force applied to the fingertip. 3. Results Joint forces and joint moments were averaged for all participants and for each motion (Table 1). It can be noticed that MCP joint force and moment are higher than PIP joint force and moment except during the flexion/extension of PIP joint. In the same way, PIP joint force and moment are always greater than DIP joint force and moment.



3.2. Joint Reaction Force Joint force profiles were averaged for all participants and for all movements. As joint forces were normalized by the resultant external force, results are presented in units of N. Figure 4 shows joint force profiles for MCP, PIP and DIP joints during the MCP flexion/extension movement of digit 2.



Table 1: Mean normalized resultant joint force (JF) and joint moment (JM) during MCP, PIP and DIP flexion/extension (FE) movements (n = 8)



Figure 4: Joint reaction forces during an MCP flexion/extension movement of the index finger. DIP joint force can be distinguished from MCP and PIP forces which are very similar.



3.3. Joint Moment



3.1. External fingertip force During the experiment, each participant was asked to maintain a vertical force of 10 N on the force transducer. As this force is later used for the normalization process, this external force was calculated and averaged for all participants. Figure 3 shows the X, Y, Z components and the resultant force applied at the fingertip during the MCP flexion/extension movement. It should be noted that, even if the vertical (Z) component is close to the 10 N target force, the resultant applied force considerably varied during the flexion/extension movement.



Joint moments were calculated from the model and normalized by the external force applied. An example of joint moment profiles for MCP, PIP and DIP joints averaged for all participants during the MCP flexion/extension movement is shown in Figure 5.



Figure 5: Joint moment data during a MCP flexion/extension movement of the index finger. MCP joint moment can be easily separated from PIP and DIP joint moments. (n = 8)



4. Discussion



Figure 3: X, Y, Z components and the resultant applied force during the flexion/extension of the index finger MCP joint. A large variation of force on the X component can be noticed. (n = 8)



This study aimed to provide a continuous assessment of joint loads during submaximal fingertip tasks. While pressing on six-degree of freedom force transducer, participants performed different flexion/extension movements while kinematic data was collected. Based on the application of a new definition of segments, joint forces and moments were determined.
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Joint forces provided by the current model ranged from 1.04 ± 0.09 times the input force at the DIP joint to 1.5 ± 0.11 times the applied force at the MCP joint. These results appeared lower than data from the literature, especially for PIP and MCP joint forces (Weightman and Amis, 1982; Chao et al., 1989). This can be explained by the use of reaction forces without the musculotendinous system in the current model. Consequently inertia was the only parameter which may influence joint forces profiles during the movement. Results might also appear lower due to the normalization process used in this study. Indeed, as the resulting applied force varied during the movement (Fig. 3), this can influence the relative joint force values. Moreover, the mean joint reaction force of the distal joint was lower than the joint reaction force of the proximal joint for all fingers (Table 1). This is consistent with previous results which demonstrated that joint forces increased progressing from the distal to proximal direction along each finger (Goislard de Monsabert et al., 2012; Vigouroux et al., 2011). To explain this phenomenon, it has been suggested that moment arms at the proximal joints are larger than those at the distal end for loads applied at the tip (Butz et al., 2012). Normalized joint moments ranged from 0.03 ± 0.01 Nm/N at the DIP joint to 0.14 ± 0.01 Nm/N at the MCP joint, which is lower than previously reported (Pylatiuk et al., 2006). However, our model demonstrated that joint moments increased in from distal to proximal joints (Fig. 5), which is also in accordance with the literature (Chao et al., 1989; Li et al., 2000). Modeling of the musculoskeletal system of the hand is needed to permit a better assessment of joint loads and joint moment during finger movements. We are currently working to incorporate these data into the musculoskeletal modeling platform OpenSim (Delp et al., 2007) (Fig. 6). This will allow us to isolate the influence of the musculotendinous system of the hand for the assessment of joint loads and joint moments. Thus the link between fingertip loading and hand pathologies may be further understood.



Figure 6:Musculoskeletal model of the hand created in OpenSim with integrated kinematic marker data (pink circles) and muscle lines of action (red lines).



5. Conclusion Based on an innovative biomechanical model of the finger, joint reaction forces and joint moments were determined through an inverse dynamics approach during finger flexion/extension movements. In contrast with static models from the literature, this preliminary study continuously evaluated joint reaction forces and joint moments of the finger during the movement. Results demonstrated that the MCP joint had the highest joint load. This is consistent with the notion of a distoproximal progression of force along the finger. The current model will be integrated with musculotendinous structures to better assess musculoskeletal implications of finger movements and to further understand the link between fingertip loading and hand pathologies. While the present methodology is limited to the laboratory, future refinements of the musculoskeletal modeling will improve ergonomic analysis of manual tasks. These results may enhance understanding of joint mechanics within the hand when considering workplace conception and tool design. Acknowledgement This study was supported grants from NSERC and Automotive Partnership Canada (APC). References Burgess-Limerick R, 2007. Ergonomics for manual tasks, in: Mayhew, C. (Ed.), Australian Master of OHS and Environment Guide. CCH Australia, North Ryde, pp. 261-278. Butz K, Merrell G, Nauman E, 2012. A biomechanical analysis of finger joint forces and stresses developed during common daily activities. Computer Methods in Biomechanics and Biomedical Engineering 15, 131-140. Chalfoun J., Younes R., Renault M., Ouezdou F., 2005. Forces, activation and displacement prediction during free movement in the hand
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