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1 INTRODUCTION  

Biomechanics of human motion is a multidisciplinary field that involves the study of the 

mechanical aspects of the human body and the impact that forces have on the movement of the 

anatomical segments [1]. The use of computational tools to understand the dynamic behavior of 

the human movement has been rising due to the wide range of applications related to improving 

performance or treating injury. The knowledge on this topic may provide promising options for 

the development of assistive devices tailored to the needs and disability of each patient [2]. 

Crutches are a type of assistive device utilized as an aid to locomotion by patients with a variety 

of pathologies, providing them with mobility and flexibility. The study of crutch-assisted 

locomotion is in early stages and the modeling of the interaction between the crutch and ground 

has not been approached in depth yet. Thus, this work uses a biomechanical multibody model 

incorporated with crutches to investigate the crutch-ground interaction. The knowledge on this 

topic may be a significant contribution to advance the development of this area of investigation. 

2 BIOMECHANICAL MULTIBODY MODEL 

A three-dimensional biomechanical multibody model of the human body (see Figure 1a) was 

developed in MATLAB using an in-house code named MUBODYNA. The model is composed 

of 20 rigid bodies and 19 geometrically ideal joints. The bodies include the lower trunk (1), right 

and left thighs (2, 6), legs (3, 7), main feet (4, 8) and toes (5, 9), upper trunk (10), and right and 

left humeri (11, 15), ulnae (12, 16), radii (13, 17), hands (14, 18) and crutches (19, 20). The lower 

trunk represents the pelvis, and the upper trunk is a unique segment combining the spine, thorax 

and head. The joints comprise the back joint (1), and the right and left hip (2, 6), knee (3, 7), ankle 

(4, 8), metatarsophalangeal (5, 9), glenohumeral (10, 14), humeroulnar (11, 15), radioulnar (12, 

16), radiocarpal (13, 17) and crutch-hand (18, 19) joints. The connection between the crutch and 

hand is achieved by spherical joint located at the center of mass of the hand and crutch handle. 

Thus, the biomechanical multibody model has 45 degrees-of-freedom, which are guided using 

experimental data acquired at the Lisbon Biomechanics Laboratory of Instituto Superior Técnico. 
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3 CRUTCH-GROUND INTERACTION 

The sphere-plane contact detection algorithm is used, where the crutch tip is assumed as sphere i 

with center on point C and radius R, and the ground is considered a plane j defined by point P and 

normal unit vector nj (see Figure 1b). The distance d from the sphere center to the plane is as [3] 

 ( )T= −C P

j i jd n r r  (1) 

in which C

ir and P

jr  are the global position vectors of points C and P on bodies i and j, respectively 

The coordinates of the potential contact point Q in the plane and sphere are, respectively, 

 = − −Q C C

j i j idr r n = r d  (2) 

 = −Q C

i i jRr r n  (3) 

Taking into consideration the previous formulation, the penetration is calculated as 

  = −R d  (4) 

Positive values of  indicate the occurrence of contact between the sphere and the plane. Thus, 

the velocities of the contact points Q must be determined. In order to estimate the normal, fn, and 

tangential, ft, forces, the contact models utilized in [4] for crutch-ground interaction are utilized  
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where υ and E are Poisson’s ratio and Young’s modulus,   is penetration rate,  is damping factor 

k is kinetic coefficient of friction, v1 is threshold for velocity and vt is relative tangential velocity. 

The results obtained in this work are compared with experimental data and with the literature. 

(a)  (b) 

Figure 1 – Schematic representation of the (a) biomechanical multibody model and (b) crutch-ground interface. 
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