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Abstract Vehicle accidents can cause neck injuries which are costly for individuals and society. Safety systems 3 

could be designed to reduce the risk of neck injury if it were possible to accurately simulate the tissue-level injuries 4 

that later lead to chronic pain. During a crash, reflexes cause the muscles of the neck to be actively lengthened. 5 

Although the muscles of the neck are often only mildly injured, the forces developed by the neck’s musculature 6 

affect the tissues that are more severely injured. In this work, we compare the forces developed by LS-DYNA’s 7 

MAT_156 model and a newly proposed VEXAT model during active lengthening. The results show that Hill-type 8 

muscle models underestimate forces developed during active lengthening, while the VEXAT model can more 9 

accurately reproduce experimental results.  10 
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I. INTRODUCTION 14 

Vehicle accidents often cause neck injuries [1] [2] that are costly to treat [3] and are difficult to predict using 15 

computer simulation [4] [5]. There is clinical evidence that people who suffer from chronic pain as a result of neck 16 

injury have sustained injuries to the facet joint capsules, the ligaments of the neck, intervertebral disks, and 17 

cervical vertebrae [6]. The musculature of the neck is important to accurately simulate because the tension 18 

developed by the muscles directly affects the stresses and strains of the tissues that are injured.  19 

Experimental measurements of the kinematics and muscle activity during whiplash show that many of the 20 

neck’s muscles are actively lengthened throughout a crash [7] [8]. When an active muscle is forcibly lengthened, 21 

it can develop tensions that greatly exceed the maximum isometric force (𝑓
ெ) of the muscle [9] [10] right up until 22 

the muscle is injured [11] and ruptures at its failure force (𝑓ி
ெ, 3.41 ± 0.33 𝑓

ெ). Most of this tension is developed, 23 

particularly at long lengths [12] [13], by the semi-active titin filament [14] [15]. Hill-type muscle models [16] [17] 24 

are often used to simulate the musculotendon forces acting on human body models (HBMs) in FE simulations [18] 25 

[19] [20]. Hill-type muscle models lack a titin element since the formulation was developed decades [21] [22] [23] 26 

prior to the discovery of titin [14] [15]2.   27 

In this work, we simulate two active-lengthening experiments [9] [24] and compare the accuracy of the force 28 

response of LS-DYNA’s MAT_156 [18] to our LS-DYNA implementation of VEXAT muscle model [25]. The VEXAT 29 

model [25] extends prior work that includes titin [26] [27] [28] by adding additional mechanical detail relevant to 30 

injury prediction — such as a viscoelastic cross-bridge and tendon — using only a few states beyond that of a 31 

conventional Hill-type model. First, we simulate the in-situ experiments of Herzog and Leonard [9] to directly 32 

compare the response of both models to the response of biological muscle. Next, we simulate a more aggressive 33 

active lengthening that takes each model through the various force thresholds of muscular injury [11]: mild injury 34 

(2.39 𝑓
ெ or 70% 𝑓ி

ெ), major injury (3.07 𝑓
ெ or 90% 𝑓ி

ெ), and finally rupture (3.41 𝑓
ெ). The results of the Herzog 35 

and Leonard [9] simulation will show how accurately these two models are able to simulate modest active 36 

lengthening in comparison to biological muscle, while the response to aggressive lengthening will illustrate what 37 

can be expected during a more extreme event such as a crash simulation.  38 

 39 
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II. METHODS 40 

A muscle model is defined by the experiments that it can replicate and the mechanisms that it embodies. Hill-41 

type muscle models are phenomenological models because the formulation makes direct use of experimentally 42 

measured relationships without modelling the underlying processes. The tension (𝑓ெ) developed by the 43 

contractile element (CE) of LS-DYNA’s MAT_156 [18] (Fig. 1A) is given by the product of the activation state of the 44 

muscle (𝑎, which ranges between 0-1), the active-force-length relation (𝐟𝐋(ℓெ)), and the force-velocity relation 45 

(𝐟𝐕(𝑣ெ))   46 

𝑓ெ  =  𝑓
ெ( 𝑎 𝐟𝐋(ℓெ) 𝐟𝐕(𝑣ெ) +  𝐟𝐏𝐄(ℓெ) ) 47 

(1) 48 

all of which is added to the elastic force developed by the parallel element (𝐟𝐏𝐄(ℓெ)) (Fig. 1B). By construction, 49 

the Hill model can reproduce Hill’s iconic force-velocity curve [21] during active shortening (concentric 50 

contraction). In addition, the model can also reproduce the passive [29] and active [30] isometric force-length 51 

relations. The MAT_156 implementation is stateless because it lacks activation dynamics and does not include an 52 

elastic tendon [18]. While the FE model can be edited to add an elastic tendon segment in series with a MAT_156 53 

element, care must be taken to ensure that the tendon properties scale with the 𝑓
ெ of the corresponding CE [31]. 54 

The VEXAT model [25](Fig. 1C) includes additional detail that is missing from Hill-type muscle models in general 55 

and the MAT_156 specifically (Fig. 1A). The VEXAT model derives its name from the lumped viscoelastic (VE) cross-56 

bridge (X) and active-titin (AT) elements that it contains. The additional mechanical detail of the VEXAT model 57 

comes at the cost of five states to simulate activation dynamics (𝑎), the position and velocity of the point of 58 

attachment of the lumped cross-bridge (XE) to actin (ℓௌ and 𝑣ௌ), the length of the CE (ℓெ), and the position of 59 

the titin-actin bond (ℓଵ). The extra detail allows the active force developed by the CE (Fig. 1D), 60 

 61 

𝑓ெ  =  𝑓
ெ( 𝑎 𝐟𝐋(ℓௌ + Lெ)(𝑘

 ℓ + β
𝑣) +  𝐟𝟐(ℓଶ) + 𝐟𝐄𝐂𝐌(ℓாெ) + 𝛽ఌ𝑣ெ − 𝐟𝐊𝐄(ℓெ)/ cos 𝛼) 62 

(2) 63 

to be described in terms of the elastic (𝑘
 ℓ) and damping (β

𝑣 ) forces developed by the XE scaled by the 64 

proportion of attached cross-bridges (𝑎 𝐟𝐋(ℓௌ + Lெ)) of the model. The CE’s passive forces come from the 65 

extracellular matrix (𝐟𝐄𝐂𝐌(ℓாெ)) and a mixture of active and passive forces from the distal segment of the titin 66 

model (𝐟𝟐(ℓଶ)). The remaining two terms ensure that the model is stable during simulation (𝛽ఌ𝑣ெ) and cannot 67 

reach unrealistically short lengths (𝐟𝐊𝐄(ℓெ)/ cos 𝛼). The tension developed by the CE acts at a pennation angle 68 

𝛼 to the viscoelastic tendon (Fig. 1C and 1D). The pennation angle 𝛼 is constrained to follow a specific length-69 

angle relation in an effort to mimic the constant volume property of muscle [32]. As is typical [16], we assume 70 

that the muscle volume has a cross-section that is described as a constant height (ℎ) parallelepiped where 71 

ℓெsin 𝛼 = ℎ. While the VEXAT model may seem to only apply to a sarcomere (the smallest contractile element 72 

of a muscle - 2.73 µm long in humans), this model can be applied to whole muscle because the mechanical 73 

properties of sarcomeres scale with size: 𝑓
ெ scales with cross-sectional area [33], 𝐟𝐋(ℓெ) scales with length 74 

[34], the maximum shortening velocity scales with length [35], and titin’s passive properties also scale with 75 

length [36] [37]. This model is both a mechanistic model and a phenomenological model in classification 76 

because it includes additional mechanical detail and yet still relies on phenomenological characteristics to drive 77 

the XE attachment point over time [25]. 78 

The active forces developed by titin, however, are not driven to follow any prescribed phenomena. To reduce 79 

the computational cost of simulating titin, the VEXAT model [25] treats titin as a two-segmented spring: the first 80 

spring spans a distance ℓଵ from near the Z-line to the bond location within the titin element, while the second 81 

spring spans a distance ℓଶ from the bond location to the myosin tip. Upon activation, damping forces are applied 82 

between the actin element and the point between the ℓଵ and ℓଶ segments. When titin is bound to actin, the ℓଶ 83 

element bares nearly all the strain, roughly doubling titin’s stiffness compared to when the CE is passive. This 84 

modelling change leads to an important difference between the two models: the Hill model treats the active force 85 

response of muscle to lengthening as a velocity-dependent phenomenon, while the VEXAT model [25] treats this 86 

same process as both velocity and displacement-dependent phenomena. 87 
 



 

  

 

 
Fig. 1. LS-DYNA’s Hill-type muscle model MAT 156 (A.) consists of an active element (green) in parallel with a 
passive element (blue) (B.). We have implemented the VEXAT (C.) model [25]3 as a material in LS-DYNA. The 
VEXAT model’s active components include a lumped viscoelastic cross-bridge (green) and a semi-active titin 
element (D.). The passive elastic components of the VEXAT model include an elastic extracellular matrix ECM, 
a viscoelastic tendon (dark blue), and a small compressive element (blue-green) that prevents the contractile 
element (CE) from approaching unrealistically short lengths (D.). Upon activation, the damping forces (purple) 
slow the ℓଵ element, and the ℓଶ segment stretches (D.). Rigid components appear in black or dark grey, while 
the force-generating elements are illustrated in colour.  
 

To fairly evaluate the two models, we have fitted the models to be as similar as possible to the cat soleus used 88 

in the experiments of Herzog and Leonard [9]. First, we have set the values of the optimal fibre length (ℓ
ெ) and 89 

𝑓
ெ of MAT_156 to be identical to the values produced by the VEXAT model when it is evaluated along the 90 

length of the tendon as shown in Table 1 (Appendix A). Since the VEXAT model includes a constant thickness 91 

pennation model [25], these properties differ slightly as the length and angle of the VEXAT’s CE change with 92 

respect to the direction of the tendon. These differences are small because the fibres of a cat soleus are only 93 

pennated by 7o. Next, we have set the active-force-length and passive-force-length curves to fit the data of 94 

Herzog and Leonard [9] and to be identical when the VEXAT model is evaluated in the direction of the CE (Fig. 95 

2A). The passive force-length curves of the two models match if the CE is passive: as soon as the CE is active, the 96 

point between the ℓଵ and ℓଶ segments of the titin model viscously bond to actin and the stiffness of the titin 97 

filament and ECM together roughly doubles (Fig. 2A, magenta line). The curves that represent the passive force-98 

length curves in MAT_156 and the ECM curves in VEXAT become linear when stretched sufficiently, as is typical  99 

 
3 The images of the VEXAT model [25] have been used under the terms of the CC-BY license3 and have been modified from the original form. The images 

in this figure are also licensed under the terms of the CC-BY licence3. A copy of the licence can be found at 
https://creativecommons.org/licenses/by/4.0/legalcode 
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Fig. 2. The active and passive force-length curves (A) of the two models fit the data of Herzog and Leonard [9] 
and are identical when the VEXAT model is evaluated in the direction of the CE. The passive force-length curve 
of the VEXAT model is formed by a nearly equal contribution from the ECM and the titin element. When the CE 
is activated, the stiffness of titin increases and the force produced by the ECM and titin roughly doubles 
(magenta line). Both models have the same force-velocity curve (B) that fits the data of Scott et al. [38] during 
shortening and have been adjusted to fit the data of Herzog and Leonard [9] during lengthening. The VEXAT 
model includes a viscoelastic tendon (C), which has a nonlinear curve that fits the data from Scott et al. [39]. 
 

of skeletal muscle [40] [41]. Similarly, the force-length curves of titin’s segments become linear at large strains, 101 

as indicated by the sarcomere-level experiments of Leonard et al. [12], even though this differs from a popular 102 

theoretical model (worm-like-chain model) of titin’s force-length curve [42]. The bond location within the 103 

VEXAT’s titin element has been chosen to fit the data of Herzog and Leonard [9]. Finally, Scott et al.’s 104 

measurements [38] have been used to fit the shortening side of the force-velocity curve, while the lengthening 105 

side of the curve has been fit to the data of Herzog and Leonard [9]. 106 

We first evaluate the models by comparing the peak forces developed during the active lengthening phase 107 

to the experimental data of Herzog and Leonard [9]. Next, we compare the root-mean-squared-error (RMSE) 108 

between each of the models and the experimental measurements during the active-lengthening phase of the 109 

experiment [9]. Although the experiment includes other phases, the active-lengthening phase has the largest 110 

forces and is thus the most relevant to the simulation of whiplash injury. In the second simulation, we evaluate 111 

the length change that each model must undergo to reach the threshold of minor injury since clinical evidence 112 

[6] suggests that minor injury to the neck muscles is commonly caused by whiplash. 113 

 114 

III. RESULTS 115 

The VEXAT model has an active lengthening force profile (Fig. 3A) that closely matches the data of Herzog and 116 

Leonard [9] both in peak value (35.7N vs 36.6N) and form (RMSE 0.8N) during the active lengthening phase 117 

between times 2.39s-3.39s (Fig. 3B) of the experiment. Although MAT_156 does develop enhanced forces during 118 

the active lengthening experiment, the peak forces are smaller than the experimental data (27.3 N vs 36.6 N), 119 

deviate from the experimental data (RMSE 4.7N), and are immediately reduced following the end of the ramp. In 120 

the normalised force-length space (Fig. 3C), it is clear that both the experimental data [9] and the VEXAT model 121 

develop active forces that grow in magnitude relative to the sum of the active and passive force-length curves 122 

(grey line). In contrast, the active force developed by the Hill model drops as the CE is lengthened further down 123 

the descending limb of the active force-length curve and will approach zero as the ℓெ exceeds 1.62 ℓ
ெ(Fig. 2A). 124 

The tension developed by the VEXAT model increases faster than MAT_156 (Fig. 4A) if the ramp length is  125 
 



 

  

 

 
Fig. 3. During active lengthening, both the experimental data (Exp.) of Herzog and Leonard [9] and the VEXAT 

model develop a tension that increases as the muscle is lengthened (A). While the tension of the MAT_156 
model does increase, it is short-lived and smaller in magnitude than the experimental data. The small differences 
that arise during the passive lengthening of the two models (A) are due to the elastic tendon of the VEXAT model 
and the pennation model, two components that MAT_156 lacks. The ramp-length change forced the models 
through a 9mm extension at a constant rate of 9mm/s (B). The tensions developed in the experiment and by the 
VEXAT model grow faster than the boundary formed by the active and passive-force length curves (C, grey line). 
The MAT_156 approaches the passive force-length curve as the contribution from the active-force-length curve 
decreases. 

 
increased to 52 mm (Fig. 4B). As a result, the VEXAT model crosses the active minor injury force threshold of 2.39 126 

𝑓
ெ [11] at a normalised length of 1.34 ℓ

ெ, while the MAT_156 does not reach this threshold until the normalised 127 

length of 1.71 ℓ
ெ (Fig. 4). The difference in normalised length between the two models at the threshold for minor 128 

injury (0.37 ℓ
ெ) is similar at the thresholds for major injury (0.35 ℓ

ெ), and rupture (0.35 ℓ
ெ) (Fig. 4). 129 

IV. DISCUSSION 130 

Neck injuries sustained during vehicle accidents are common but perhaps could be prevented if it were 131 

possible to simulate the tissue-level injuries that lead to chronic pain. Great progress has been made in developing 132 

anatomically detailed male and female FE HBM models [4] [5], though Hill-type muscle models have been used 133 

to represent the musculature of the neck. Hill-type muscle models are not able to develop the large forces 134 

observed when biological muscle is actively lengthened. Since the muscles of the neck are known to be actively 135 

lengthened during whiplash [7] [8], we have compared in-situ experimental recordings of actively lengthened 136 

muscles to the simulated response of LS-DYNA’s Hill-type muscle model (MAT_156) to the responses of the VEXAT 137 

model [25]. In contrast to MAT_156, the VEXAT model [25] includes a titin filament which produces enhanced 138 

forces during active lengthening [12] [13]. 139 

 140 



 

  

 

 
Fig. 4. Both the VEXAT and MAT_156 models develop forces that are large enough to pass through the active 
thresholds for minor injury, major injury, and rupture (A) when the ramp is extended from 9 mm to 52 mm (B). 
In a normalised force-length space (C), the VEXAT model passes through the thresholds for injury at shorter 
lengths than the MAT_156 model. This has implications for simulating whiplash: a muscle that is able to develop 
high forces at lower strains will reduce the amount of resulting head movement and will apply larger forces to 
the structures of the neck.  
 

In our simulations of an in-situ active lengthening experiment, the VEXAT muscle produced force responses 141 

that more faithfully followed the experimental measurements than MAT_156 (Fig. 3). Unfortunately, we do not 142 

have experimental data that we can use to assess the accuracy of the aggressive active-lengthening injury 143 

simulation (Fig. 4), though our results highlight meaningful differences between the two models. While there are 144 

excellent lengthening injury datasets in the literature [24] [43], neither of these datasets contains the additional 145 

information that is required to fit the models to the specimen so that an accurate simulation of the experiment 146 

can be performed. Since titin has been shown to be capable of developing large forces in actively lengthened 147 

sarcomeres [12], we expect that the VEXAT model will produce more accurate results than a Hill-type model 148 

during the active lengthening that takes place during whiplash. While we hope to achieve improved accuracy 149 

during simulations of whiplash by including titin in the muscle model, other strategies have also been taken. 150 

Biologically inspired controllers and Hill-type models have been used to improve the accuracy of simulated 151 

head and neck movement during whiplash. Models of the vestibulocollic and cervicocollic reflexes [44] [45], as 152 

well as stretch reflexes [46] [47], have improved the accuracy of head and neck models driven by Hill-type muscle 153 

models. More advanced Hill-type models than MAT_156 have also been developed to improve the response of 154 

the head and neck to sudden accelerations. The Hill-type model of Kleinbach et al. [19] [20] includes a more 155 

detailed activation dynamic and force-length model than is typical and was used to simulate the response of head 156 

movement to a sudden 1g acceleration [48]. Happee et al.’s [45] Hill-type model has been used to simulate the 157 

response of the head to vibration and to a sudden 15g acceleration [49]. While each of these works [44] [45] [46] 158 

[47] has shown improved results through the use of a biologically inspired controller, the results of these works 159 

are likely affected, to some degree, by the inaccurate force development of the underlying Hill-type model during 160 

active lengthening. 161 

We have shown that a Hill-type muscle can underestimate the peak force developed by biological muscle by 162 

as much as 25% during an active lengthening experiment [9] with a modest 20% strain. Since mild muscle injury 163 

is often reported following whiplash [6], it is possible that Hill-type models are greatly underestimating the forces 164 



 

  

 

applied by the neck muscles during simulations of whiplash. We plan to continue this work to see how these 165 

models affect the kinematics, internal loads, and risk of injury during simulations of whiplash. 166 

V. CONCLUSIONS  167 

We found that the VEXAT model [25] can more accurately capture the force development of modestly actively 168 
lengthened muscle than the MAT_156 Hill-type muscle model when compared to the experiments of Herzog and 169 
Leonard [9]. The differences between the VEXAT and Hill-type muscle models are even more pronounced when 170 
the models are actively lengthened to the point of mild injury: the VEXAT model reaches the force threshold for 171 
mild injury at lengths 0.35 ℓ

ெ shorter than in the Hill-type model. Taken together, it is likely that the Hill-type 172 
muscle models used in simulations of car accidents have been underestimating the amount of force the 173 
musculature of the neck applies to the cervical spine.  174 
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APPENDIX A 188 

Table 1: Architectural properties of the MAT_156 and the VEXAT cat soleus models used to simulate Herzog and Leonard 189 
[9]. The values for ℓ

ெ and 𝑓
ெ differ in the direction of the CE to accommodate for the VEXAT’s pennation model: the 190 

values of ℓ
ெ and 𝑓

ெ are identical when evaluated along the VEXAT’s tendon. 191 
Parameter Symbol MAT_156 VEXAT Source 

Optimal CE Length ℓ
ெ  42.5 mm 42.9 mm [9] 

Pennation Angle α 0o 7o [50] 

Max. Isometric Force  𝑓
ெ 21.6 N 21.8 N [9] 

Max. Shortening Vel. 𝑣ெ
ெ  4.5 ℓ

ெ /s 4.5 ℓ
ெ /s [38] 

Tendon Slack Length ℓ௦
்  30.5 mm 30.5 mm [39] [9] 

Tendon Stiffness 𝑘
் (rigid) 30 𝑓

ெ  /ℓ௦
்  [39] 

Norm. Tendon Damping U (rigid) 0.057 1/s [51] 

ECM Fraction P - 56% [37] 
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