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Abstract: Multibody models have not yet been evaluated for reconstructing head kinematics during 

sports impacts. Accordingly, the goal of this study was to utilise whole-body motion data from 

twenty upper and mid/lower trunk rugby shoulder tackles recorded in a marker-based 3D motion 

analysis laboratory to assess the MADYMO human body passive ellipsoid model for head kinematic 

reconstruction. Head linear and angular velocity during the tackle for the multibody model 

predictions and 3D motion laboratory measures were recorded for the ball carrier. Examined were 

the linear and angular velocity, as well as the absolute and percentage differences. For upper trunk 

tackles, the median percentage error (with quartiles) for the MADYMO predictions were 10% (6% 

to 45%) and 23% (16% to 39%) for change in head linear and angular velocity, respectively. For 

mid/lower trunk tackles, the median percentage error (with quartiles) for the MADYMO predictions 

were 46% (33% to 63%) and 60% (53% to 123%) for change in head linear and angular velocity, 

respectively. In conclusion, the model is currently unsuitable for reconstruction of head kinematics 

during individual rugby union tackle cases. 
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1. Introduction 

The measurement of head kinematics during sports collisions is essential for understanding the 

mechanism of concussion injuries [1] and long-term brain health. However, measuring head 

kinematics is challenging with on-field measurement devices [2,3]. An alternative approach is to use 

multibody modelling. Multibody models have been used to study head kinematics during concussive 

direct-head impacts in unhelmeted sports including rugby union and Australian rules football [4–6] 

as well as inertial head loading during legal rugby union tackles [7]. McIntosh et al. [6] used a passive 

MADYMO (TASS International, Helmond, Netherlands, 2015, Version 7.6) facet human body model 

approach to calculate six degree-of-freedom head kinematics from concussive and non-concussive 

direct head impacts in unhelmeted sports. They reported that angular acceleration of the head in the 

coronal plane had the greatest association with a concussion, with tentative threshold values of 1747 

rad/s2 and 2296 rad/s2 reported for a 50% and 75% chance of concussion, respectively. Tierney and 

Simms [7] recently used the MADYMO passive ellipsoid multibody human body model and 

demonstrated that tackles to the upper body can cause greater inertial head and neck loading than 

tackles to the lower body, particularly for the ball carrier. They also postulated that tackles to the 

upper body may be a catalyst for some of the chronic head and neck symptoms exhibited by a rugby 

player. Although the study reported numerical values for head kinematics and neck dynamics, 
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Tierney and Simms [7] cautioned that their focus was on the trends reported rather than precise 

numerical values, as the models have not yet been validated for sporting collisions. 

These studies used MADYMO passive human body models, which have numerous input 

parameters (geometry, mechanical/structural properties, contact characteristics and initial 

conditions) and kinematic outputs, are generally validated based on staged impact tests using 

cadavers [8–10]. Assumptions regarding these input parameters strongly influence the results of 

impact simulations [11]. Although a sensitivity analysis was conducted for each of the 

abovementioned multibody model sports head kinematic studies, their predictive capacity in 

sporting impacts has not been formally assessed [7]. In particular, there is no direct validation of these 

passive MADYMO human models for reconstruction of head kinematics, largely because direct 

validation data for sporting impacts is not available [1,7,12]. This currently limits the potential to 

develop our understanding of head kinematics and concussion during sporting collisions using 

model-based approaches, which can then examine “what if” scenarios to help guide prevention 

strategies. 

Tackling is a highly technical, fast-paced and dynamic part of rugby union [13,14] with certain 

playing positions, in extreme cases, potentially making over 30 tackles per game [15]. Unfortunately, 

it is also the most common cause of injury and concussion [16–18]. The biomechanics of tackling is 

not yet fully understood in relation to head kinematics [7]. However, reconstructing a tackle in a 

controlled environment such as a marker-based 3D motion laboratory enables ball carrier and tackler 

whole body kinematics to be recorded during an impact. Although a real-life direct head impact 

might not be reconstructed using such an environment (player protection requirements), this 

approach provides a means to assess multibody models for player-to-player sports impact 

reconstruction for the first time and to assess head kinematics due to inertial loading. Accordingly, 

the goal of this exploratory study was to record rugby tackles using human volunteers in a marker-

based 3D Vicon motion analysis laboratory to assess the predictive capacity of the MADYMO human 

body passive ellipsoid model for head kinematic reconstruction.  

2. Materials and Methods  

2.1. Staged Rugby Tackle Laboratory Trials 

The staged rugby tackle laboratory trials are described in detail by Tierney et al. [19]. Four (two 

pairs) professional rugby union players performed twenty shoulder tackles (10 tackles per pair, 

where each player executed 5 tackles as the ball carrier and 5 tackles as the tackler) in a marker-based 

3D motion laboratory. Ethical approval was given by the Trinity College Dublin Faculty of Health 

Sciences Ethics Committee. The players were initially positioned 2.5 m apart and initiated the tackles 

from a standing start. The tackler executed tackles to both the upper trunk and mid/lower trunk of 

the ball carrier [17,20,21]. 

A side, front and oblique camera view of every tackle was recorded with video cameras (Bonita 

720C, Vicon, UK, 2015) recording at 66.6 Hz. The cameras were synchronised with a 10 camera 

infrared motion analysis system (Bonita-B10, Vicon, UK, 2015) recording at 200 Hz. Within a 

calibrated volume, the marker-based 3D motion system used these 10 infrared cameras to record the 

motion of spherical retro-reflective markers attached to the subject. The marker-based 3D motion 

system combined this information from all the cameras and thus recorded the 3D motion of each 

individual marker. Subjects wore reflective markers secured to the shoe or to the skin using tape at 

bony landmarks on the lower limbs, pelvis, trunk, arms and head. The markers were attached 

according to the plug-in-gait model protocol, while additional markers (C5, left and right ribcage and 

sacrum) were placed to allow an accurate reconstruction of the markers needed to apply the plug-in-

gait model. The model used 43 reflective markers (10 mm radius) attached to each subject. This 

marker configuration enabled a three-dimensional description of the head, trunk, upper arm, 

forearm, pelvis, upper leg, shank and foot (see Figure 1). The plug-in-gait model calculated successive 

rotation angles for each of the abovementioned body regions, allowing the angular and linear 

kinematics to be computed for each body region [1]. A zero lag four-way low-pass filter with a 15 Hz 
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cut-off frequency was applied to the plug-in-gait model data. Errors of less than 2% for both position 

and orientation tracking have been reported for the Vicon system [22]. 

 

Figure 1. An image sequence of a tackle with the plug-in-gait model overlay. 

2.2. Multibody Model Reconstruction 

The 50th percentile MADYMO human body ellipsoid model was used as a basis for simulating 

the staged rugby tackle laboratory trials (Figure 2). This model has 52 rigid bodies connected by 

kinematic joints, with ellipsoids for surface representation and contact evaluation. Using the 

MADYSCALE function, the model mass, moments of inertia and height were scaled based on the 

players’ height and mass. Player-to-player and player-to-ground contact evaluations using the built-

in MADYMO contact stiffness functions were applied and an integration time step of 10 µs was used. 

Modelling muscle activation with a passive multibody model is a challenge [4–6]. Therefore, every 

simulation was run using the default unlocked joint condition which results in the joints of the model 

being free to articulate within the physiological range of motion with minimal resistance. This muscle 

activation condition has been regarded as a low awareness state [7]. This is a limitation of the model 

setup, given that both the tackler and ball carrier in these cases had a high level of awareness and 

therefore would have braced for the impacts accordingly.  

 



Appl. Sci. 2019, 9, 726 4 of 10 

Figure 2. A staged tackle in the Vicon motion analysis laboratory (left) reconstructed in a multibody 

model simulation (right). 

The model was initially developed for vehicle pedestrian impact modelling and has been 

validated for various blunt impact locations (pelvis, abdomen, thorax and shoulder) [9,23–28]. There 

is currently no direct validation of this model for head angular velocity or acceleration, but it provides 

reasonable predictions for head translations, rotations, head impact time and head impact velocity in 

pedestrian collisions [10].  

A customised Matlab script allowed the three-dimensional description of the head, trunk, upper 

arm, forearm, pelvis, upper leg, shank and foot gained from the staged rugby tackle laboratory trials 

to be utilised for positioning and orienting the model at the time of impact. This customised Matlab 

script also allowed angular velocity for each body region as well as the pelvis linear velocity to be 

calculated and used as initial conditions for the simulations. The simulations were run for 100 ms. 

2.3. Statistical Analysis 

Only the change in resultant head linear and angular velocity for the ball carrier were compared, 

as the ball carrier has been a focus of recent multibody model rugby tackle studies [7,19,29]. The 

change in head linear and angular velocity for the multibody model predictions (MADYMO) and 3D 

motion laboratory measures (Vicon) were recorded. The absolute and percentage differences were 

calculated for each trial. 

3. Results 

Of the twenty tackle cases recorded in the staged laboratory trials, nineteen could be 

reconstructed in the multibody modelling simulations (in one case, too many body markers fell off a 

participant during a tackle to generate valid kinematic measures). This resulted in eight mid/lower 

trunk tackles and 11 upper trunk tackles being executed. Table 1 reports the change in ball carrier 

head linear and angular velocity results for each tackle trial. For upper trunk tackles, the median 

percentage error (absolute value with quartiles) for the MADYMO predictions were 10% (6% to 45%) 

and 23% (16% to 39%) for change in head linear and angular velocity, respectively. For mid/lower 

trunk tackles, the median percentage error (absolute value with quartiles) for the MADYMO 

predictions were 46% (33% to 63%) and 60% (53% to 123%) for change in head linear and angular 

velocity, respectively. Table 1 also shows very high percentage errors, up to 336% and 366% for the 

change in head linear and angular velocity, respectively. The MADYMO simulations tend to 

respectively overpredict and underpredict the change in ball carrier head angular and linear velocity, 

for mid/lower trunk tackles (Figure 3). For upper trunk tackles (Figure 3), the results showed no clear 

trend with respect to underprediction or overprediction of the model. 
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Table 1. The ball carrier change in head linear and angular velocity multibody model predictions 

(MADYMO) with 3D motion laboratory measures (Vicon) with absolute and percentage differences. 

Ball Carrier 
 

Change in resultant head linear velocity (m/s)  Change in resultant head angular velocity 

(rad/s) 

Tackle ID 

Closing 

Speed 

(m/s) 
Vicon MADYMO 

Difference 

(MADYMO-

Vicon) 

% 

Error 

(% of 

Vicon) 

 Vicon MADYMO 

Difference 

(MADYMO-

Vicon) 

% 

Error 

(% of 

Vicon) 

Mid/Lower 2 4.04 1.03 0.59 −0.44 −43  2.52 3.92 1.40 56 

Mid/Lower 3 3.06 0.88 0.35 −0.53 −60  3.00 4.92 1.92 64 

Mid/Lower 4 3.70 1.06 0.70 −0.35 −33  1.73 4.09 2.36 136 

Mid/Lower 5 2.89 0.90 0.47 −0.43 −48  3.59 4.79 1.20 33 

Mid/Lower 6 4.20 1.45 0.50 −0.95 −65  3.42 5.28 1.86 54 

Mid/Lower 7 3.78 0.84 0.60 −0.24 −28  1.81 3.78 1.97 109 

Mid/Lower 8 3.85 0.92 1.22 0.30 33  7.30 10.91 3.61 49 

Mid/Lower 9 4.22 1.18 0.17 −1.01 −86  0.91 4.22 3.31 366 

Median 

(Absolute)  
3.82 0.98 0.55 0.44 46  2.76 4.51 1.95 60 

25thPercentile 

(Absolute) 
3.54 0.90 0.44 0.34 33  1.79 4.05 1.75 53 

75th 

Percentile 

(Absolute) 

4.03 1.12 0.65 0.74 63  3.51 5.10 2.84 123 

           

Upper 1 3.87 0.90 0.94 0.04 5  4.07 4.21 0.14 4 

Upper 2 3.95 1.49 1.38 −0.11 −7  5.00 7.85 2.85 57 

Upper 3 4.26 0.45 1.94 1.50 336  5.79 4.48 −1.31 −23 

Upper 4 4.05 1.17 1.12 −0.05 −4  6.81 5.73 −1.09 −16 

Upper 5 4.38 1.33 1.27 −0.06 −4  6.80 8.51 1.71 25 

Upper 6 4.53 2.23 2.45 0.22 10  6.11 7.43 1.32 22 

Upper 7 4.88 2.52 1.02 −1.50 −59  10.20 8.52 −1.67 −16 

Upper 8 4.54 1.43 1.57 0.14 10  4.02 6.30 2.28 57 

Upper 9 5.18 2.21 1.52 −0.69 −31  7.64 8.63 0.99 13 

Upper 10 4.57 2.53 1.42 −1.11 −44  9.62 6.76 −2.86 −30 

Upper 11 4.00 2.68 1.44 −1.23 −46  10.87 5.79 −5.08 −47 

Median 

(Absolute) 
4.38 1.49 1.42 0.22 10  6.80 6.76 1.67 23 

25th 

Percentile 

(Absolute) 

4.03 1.25 1.20 0.09 6  5.40 5.76 1.20 16 

75th 

Percentile 

(Absolute) 

4.56 2.38 1.55 1.17 45  8.63 8.18 2.57 39 
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Figure 3. Comparison between the predicted multibody model (MADYMO) and 3D motion 

laboratory (Vicon) peak ball carrier change in resultant head angular and linear velocity for upper 

and mid/lower trunk tackles. Each symbol corresponds to a tackle and is matched for both graphs. 

4. Discussion 

4.1. General 

This study set out to use staged rugby tackle Vicon data to assess the predictive capacity of the 

MADYMO human body model for head kinematic reconstruction during inertial head loading 

impacts. The results demonstrated that the predictive capacity was limited in individual cases, with 

errors ranging up to 336% and 366% for the change in resultant head linear and angular velocity, 

respectively. The reasons for this may include: (1) the model contact and joint stiffness parameters, 

(2) the model shape and mass distribution and (3) the model player-to-player friction parameters do 

not realistically reproduce player-to-player impacts in rugby union. 

The intensity of the staged tackles was significantly lower than during competitive play as the 

impact speeds of the ball carrier and tackler were around 2–3 times lower than average impact speeds 

in elite game environments (4.8 m/s and 5.6 m/s, respectively) [30]. This gave relatively low changes 

in ball carrier head linear and angular velocity in the motion laboratory trials, resulting in high 

percentage errors for the model predictions, even though the absolute errors could be considered 

small [1]. Thus, it is possible that the model may be better suited to assessing inertial loading in higher 

velocity impacts as it has been validated for vehicle-cadaver impacts (usually 40 km/h impacts [1,31]). 

The unlocked joint condition is also more representative of an unaware standing pedestrian than a 

trained rugby player bracing for contact. This may explain why the model has previously shown 

lower errors for head kinematic predictions during vehicle-cadaver collisions (maximum of 36% for 

head linear velocity predictions at the point of head-windscreen impact [10]). The models generally 

(with some exceptions) over-predicted peak ball carrier change in resultant head angular velocity but 

under-predicted peak ball carrier change in resultant head linear velocity. This suggests that the joint 

restraints torques in the model trunk and neck are too low and future emphasis should be on 
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implementing active musculature in the models. The exceptions suggest muscle bracing is quite 

variable. 

Future work could use this 3D motion laboratory data to optimise the numerous input 

parameters of the model and re-evaluate its accuracy for sports impact reconstruction. This should 

include optimising the contact friction properties, contact stiffness, joint stiffness and model shape. 

In recent years, the development of active human body models has become a promising prospect for 

multibody modelling [32]. These allow for active muscle behaviour to be exhibited by the model 

during an impact, however, they require muscle activation parameters as initial conditions, which 

are not yet fully known [33]. Examples of active human body models are the MADYMO active human 

body model [32,] as well as the OpenSim rugby model [33]. It is recommended to assess these more 

sophisticated models for sports impact reconstruction using the 3D motion laboratory data gained 

from this study.  

The McIntosh et al. [6] facet model approach only assessed direct head impacts. For their study, 

they refined and validated the contact properties of the head using published data from cadaver 

impacts tests/finite element simulations. They also suggested in a previous parametric study that 

neck stiffness had little influence on head kinematics for a direct head impact [4]. The study 

conducted post-processing by adjusting the initial position, body segment velocities and joint 

restraint torques of the models to match the kinematic behaviour of the players in the video event. 

Although post-processing had been conducted, it is recommended that the facet model should still 

be assessed using the 3D motion laboratory data obtained from this study.  

The player-to-player configuration/orientation during the tackles influences the effective masses 

of both players. Therefore, the future focus should be placed on accurate whole-body player 

orientation during multibody model simulations from real-match events. Given that previous 

multibody modelling studies have used visually based approaches for player orientation [6], 

approaches such as model-based image-matching, which can extract body segment orientation data 

from multiple camera view videos, may be beneficial [1,12,34,35].  

4.2. Limitations 

The models were run using the default unlocked joint condition, which results in the joints of 

the model being free to articulate within the physiological range of motion with minimal resistance 

[7]. This muscle activation condition can be regarded as a low awareness state [7]. Although ball 

carriers can be visually unaware of impending tackles [36,37], both the tackler and ball carrier in these 

cases had a high level of awareness and therefore would have braced for the impacts accordingly. 

The plug-in-gait model treats the trunk of the player as one rigid body, whereas the multibody model 

treats it as two. The plug-in-gait model also treats the neck/head as one rigid body, whereas the 

multibody model treats it as two. Both of these can be considered insufficient given the articulation 

in the spine. The multibody model also has only two degrees of freedom for the shoulder joint, which 

potentially led to errors in the positioning of the players’ arms in the simulations. The plug-in gait 

model configuration is also not identical to the MADYMO model, which leads to some differences in 

initial linear velocities when matching initial angular velocities in the joints. The average difference 

at time zero between the linear velocity of the head for the multibody model and the 3D motion 

laboratory results was 0.2 m/s and 0.5 m/s for the ball carrier and tackler, respectively.  

Impact validation data from high-velocity sports are currently unavailable. Clearly, a direct head 

impact could not be executed in the motion analysis laboratory and therefore, only indirect head 

impacts (inertial kinematics) could be assessed in this study. Approaches such as model-based image-

matching [1,12,35] could enable whole body kinematic data to be extracted from real game direct 

head impacts. With the development of this approach, as well as instrumented mouthguards [2], 

direct head impact validation data may be available in the future.  

5. Conclusions 

This paper quantified the predictive capacity of the MADYMO human body model applied to 

staged rugby tackles, recorded in a 3D Vicon motion analysis laboratory. For upper trunk tackles, the 
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median percentage error (absolute value with quartiles) for the MADYMO predictions were 10% (6% 

to 45%) and 23% (16% to 39%) for the change in head linear and angular velocity, respectively. For 

mid/lower trunk tackles, the median percentage error (absolute value with quartiles) for the 

MADYMO predictions were 46% (33% to 63%) and 60% (53% to 123%) for the change in head linear 

and angular velocity, respectively. These results demonstrated that the MADYMO human body 

ellipsoid model is currently unsuitable for detailed reconstruction of head kinematics in individual 

rugby union tackle cases.  
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