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Abstract:  This paper presents some theoretical and experimental considerations about biomechanics of the ankle – foot anatomical system during normal cycle gait by determining the internal forces (reactions forces in the ankle joint) in dynamics conditions using inverse dynamics method. To solve the unknowns we used some anatomical and anthropometrical data of a human subject with a body weight of 58.7 kg. Also, the external forces (ground reaction forces) are determinated by using a Kistler force plate.  
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1. REDUCTION FORCES METHOD APPLIED TO ANKLE – FOOT BIOMECHANICAL SYSTEM  

In order to calculate the bone-on-bone force it is necessary to know the forces exerted by each of the muscles acting across the joint. This requires detailed information about the relative contribution to the force each muscle provides, muscle points of insertion and lines of action. Such information is difficult if not impossible to accurately determine and requires complex procedures to model. These are beyond the scope of this unit. Therefore, the model we will consider will only be capable of calculating the joint reaction forces by using the reduction force method (figure 1). This method presumes some conditions as follow [3][4]:

· force F is the sum of all muscular and tendon forces;

· the force application point is moved into the center of rotation of ankle joint, and force F is transformed in F*;

· the correspondent of F* is an equilibrium force witch has the same point of application, same direction but different orientation (-F*);

· the couple of forces (F* and  - F*) generate a net joint moment Mg. The resultant turning effect of all of the muscles about the joint. This takes into account both the agonist and antagonist activity about the joint.

In this case we assume that the ankle – foot anatomical system is an ABC triangle where: A – is ankle joint, B – heel and C – toes.

On the ankle-foot system act two types of forces, internal forces (reaction forces in the ankle Rgx,y the force from the muscles Fm1,2,3 the force from the tendons Ft1,2,3 the foot weight force Gp) and external forces (the reaction forces of the ground which act on the foot Rsx,y) (figure 1).

Using these assumption we have simplified the ankle – foot biomechanical model, so further on we can determine the internal reaction forces and net muscular moment, which act into the ankle joint.

2. DETERMINATION OF ANKLE JOINT INTERNAL REACTION FORCES
Inverse dynamics uses link-segment models to represent the mechanical behavior of connected pendulums, or more concretely, the limbs of humans or animals, where given the kinematic representation of movement, inverse dynamics derives the kinetics responsible for that movement. In practice, from observations of the motion (of limbs), inverse dynamics is used to compute the internal reaction forces and associated moments (joint torques) that lead to that movement, under a special set of assumptions. These assumptions are written in the scientific paper: “Theoretical aspects about biomechanics of the lower limb during cycle gait” which is published in the same proceeding conference [1][2]. 
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Figure 1: The reduction forces method applied to the ankle-foot system, where: Fm1,2,3 – muscle forces [N]; Ft1,2,3 – tendon forces [N]; Fo – bone-on-bone force [N]; F - the sum of all muscular and tendon forces [N];      F* – the sum of all muscular and tendon forces translated into the ankle joint [N]; -F* - the force introduced       to equilibrate the force  F* [N]; Gp – the foot weight force [N]; Rsx,y – ground reaction forces in the ox, oy directions [N]; O – foot center of mass; A,B,C – the picks of the ABC triangle witch represents the ankle–        foot system (A – ankle, B – heel, C – toe); Rgx,y – ankle joint reaction forces in the ox, oy directions [N] [3];

Table 1:  Cinematic and anthropometrical data of a human subject with a body weight                                        of 58.7 kg during stance phases

	Phase
	M [kg]
	mp

[kg]
	H

[m]
	L

[m]
	Ip

[kg(m2]
	Rsx

[N]
	Rsy

[N]
	d1

[m]
	d2

[m]
	d3

[m]
	d4

[m]
	(
[(]
	(
[(]

	1
	58.7
	0.85
	1.75
	0.266
	0.029
	43.85
	600.45
	0.054
	0.059
	0.086
	0.032
	70
	20

	2
	
	
	
	
	
	17.05
	543.72
	0.066
	0.044
	0.092
	0.045
	75
	0

	3
	
	
	
	
	
	4.35
	510.1
	0.075
	0.044
	0.093
	0.045
	0
	0

	4
	
	
	
	
	
	-8.27
	579.7
	0.218
	0.101
	0.089
	0.039
	85
	7

	5
	
	
	
	
	
	-48.76
	700.21
	0.168
	0.141
	0.064
	0.041
	65
	25
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e)

Figure 2: Free body diagram of the ankle – foot system during stance phases: a) heel strike (0%); b) loading response (0-10%); c) midstance (10-30%); d) terminal stance (30-50%); e) toe off (50-60% of gait cycle)

The inverse dynamic method uses Newton-Euler equations in order to create equations of motion for human limbs. By creating a link-segment model as shown in figure 2, Newton’s laws can be used to create the summations of the forces being applied in the x and y directions [1][2]:
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These forces can then be used in conjunction with the Euler equation in order to determine the moments about the limb joint:
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To solve the unknowns (ankle joint reaction forces) we used some anatomical and anthropometrical data of a human subject with a body weight of 58.7 kg (table 1). We assume that the ankle – foot system is a triangle ABC having AB = 0.08 m, BC = 0.275 m, AC = 0.22 m. Also, the external forces (ground reaction forces) are determinated by using a Kistler force plate and are written in table 1.

To determine the internal reaction forces which appears into the ankle joint during normal cycle gait, using inverse dynamic method, we have written the dynamic equilibrium equations:
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(4)

For the first case, when the heel touches the ground, the equilibrium equations are written as:
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(5)

From equations (5) we have obtained:
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(6)
Analogue, for the second stance phase (figure 2, b), the equilibrium dynamic equations (4) are written as follow:
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(7)

From equations (7) we have obtained:
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(8)

Considering the third stance phase, named midstance (figure 2, c), the dynamic equilibrium equations are:
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(9)

From equation system (9) we obtain the reaction forces:
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(10)
Analogue, the equilibrium dynamic equations (4) for the forth stance phase (terminal stance) presented in figure 2, d are written as follow:
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(11)

and the solutions are:
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(12)
Finally, for the phase of toe off, the fifth of the stance phase, dynamic equilibrium equations are:
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(13)
The system of equations (13) has the next solutions:
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(14)
where: 
ax,y – acceleration of the foot on the ox, oy directions, ax = 5.3 m/s2, ay = 2.6 m/s2;


Ip – foot inertial momentum [kgm2];


(p – foot angular acceleration, which acts in the same plane of movement (p = 3.6686 rad/s2;

( - the angle between horizontal line which passes thru ankle joint center and the symmetrical line of shank for all five stance phases [(];

( - the angle between ground horizontal line and the foot for all five-stance phases [(].

Introducing the values which are written in the table 1 in the system of equations (6), (8), (10), (12), (14) we obtain the internal reaction forces and net muscular momentum which acts into the ankle joint. The final results are written in the table 2.

Table 2: Internal reaction forces and net muscular moment, which act in the ankle joint, for all                        five-stances during normal cycle gait

	Phases
	Rgx 
[N]
	Rgy

[N]
	Mg

[Nm]

	1. (0 – 10%)
	39.266
	-589.871
	-34.529

	2. (10 – 30%)
	12.466
	-533.141
	-36.176

	3. (10 – 30%)
	8.934
	-499.521
	37.607

	4. (30 – 50%)
	-3.685
	-569.121
	126.741

	5. (50 – 60%)
	-44.175
	-689.631
	124.203
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Figure 3: Internal reaction forces and net muscular momentum which act into the ankle joint during all five stance phases in case of a human subject with a body weight of 58.7 kg, where: 1 – heel strike (0%); 2 – loading response (0 – 10%); 3 – midstance (10 – 30%); 4 – terminal stance (30 – 50%); 5 – toe off (50 – 60%)

3. CONCLUSIONS

The moment that we obtain from inverse dynamics tells us which muscle (flexor or extensor) is active, and how much moment (torque) that muscle is exerting. A common standard method of representation of these moments in graphical form (figure 3), a flexor moment (dorsiflexor at the ankle) is shown as negative, while an extensor (plantarflexor at the ankle) moment is positive.

The ankle moment curve (figure 3) indicates a positive (plantarflexor) moment for most of the phases, with a very brief and small dorsiflexor moment in first two stances. The curve tells us that the main muscle group active at the ankle throughout stance is the plantarflexors (triceps surae), with steadily increasing activity through stance up to a maximum just before toe-off.
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