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TECHNICAL NOTE 
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Postbus 9602, 2300 RC Leiden, The Netherlands; tFaculty of Mechanical Engineering, Eindhoven 
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Abstract-An experimental setup was developed for statically measuring seven vertical and three horizontal 
reaction forces on the foot. In the setup, the leg can be simultaneously loaded (1) by a vertical force, (2) by an 
externally applied axial moment, and (3) by simulated muscle forces. The foot is free to invert under influence 
of the external loads. Statical analysis and test experiments were= used for evaluation. The setup can be used 
in combination with Roentgen photogrammetry to measure bone positions simultaneously with forces. 

INTRODUCTION 

In the Department of Anatomy in Leiden. a long-term 
program of investigations on the kinematical behaviour of 
the human foot is in progress (Ambagtsheer, 1978; van 
Langelaan, 1983; Spoor, 1984; Benink, 1985; Fievez er al., 
1986). It was shown that during inversion, induced by 
exorotation of the tibia, the movements of the bones in the 
human tarsus can be described with the use of moving 
rotation axes. The successive positions of these axes follow 
fixed patterns and are approximated by a bundle of discrete 
helical axes (van Langelaan, 1983). Preserved foot-leg spe- 
cimens were used for Roentgen photogrammetric analysis. 
The results are also relevant for the in oivo situation (Benink, 
1985). 

Progress in this research program requires an advanced 
setup for simultaneous measurements of external loads on, 
and displacements of, a foot-leg specimen during exorotation 
of the tibia. 

The ultimate goal is to develop a model to investigate the 
mechanical function of the ligaments and the articular facets 
in a loaded human foot during inversion. 

EXPERIMENTAL SETUP 

An experimental setup was developed, in which ten reac- 
tion forces on the foot in seven different points of an axially 
loaded foot-leg specimen (Figs land 2) can be measured. 
Forces are measured with the foot in the neutral position, 
and during inversion. Inversion of the foot is achieved by 
exorotation of the tibia, induced by an adjustable moment 
about a vertical axis, or by simulating muscle forces by 
pulling muscle tendons. The moment and simulated muscle 
forces as well as the angle of rotation of the tibia are 
simultaneously measured. 

The in oiuo situation to be simulated is a vertically loaded 
and exorotated lower leg standing on a horizontal plane. The 
foot is supported at seven places. Vertical forces under the 
heel and the metatarsals balance the vertical load, whereas 
friction forces at these same places compensate the exo- 
rotating moment. Reaction forces on the foot are simplified 
by concentrating: 
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(1) the metatarsals friction force into one point fixed to the 
fifth metatarsal head; 

(2) the heel friction force into one point fixed to the 
calcaneus and 

(3) the vertical reaction forces into points fixed to the five 
metatarsals and to the calcaneus. 

The setup (Figs 1 and 2) has the following important fea- 
tures: 

(1) instead of allowing the heel to slip or to roll, we chose 
an exactly defined rotation centre for the heel. To this 
purpose, a screw with a spherical head was driven into the 
plantar side of the tuber calcanei. The sphere rests in a cup 
fixed to the framework of the setup (Figs 1 and 2: 1). 

(2) Six other places to support the foot were chosen: the 
five metatarsal heads and the base of the fifth metatarsal bone 
(Figs land 2:2). In these places, the foot is supported by small 
cylinders which are suspended from steel wires (drilled 
through the bone). 

(3) Another screw with a spherical head was driven into 
the lateral side of the fifth metatarsal head. The sphere was 
placed in a socket which could not move in a medio-lateral 
direction. This induces inversion as an effect of exorotation of 
the tibia (Figs 1 and 2:3). 

The proximal fixation of the tibia presents specific prob- 
lems: 

(I) inversion generally raises the longitudinal foot arches. 
thus lifting the tibia; 

(2) an inversion tilt of the calcaneus causes a lateral shift of 
the distal tibia and fibula. 

These problems were solved using two horizontal orthog- 
onal flexible rods which allow one point, named A (Figs 1 
and 2:4), fixed to the proximal tibia, to move in a vertical 
direction only. The two rods also allow a limited tilt about 
any horizontal axis to compensate for the lateral shift of the 
ankle during inversion. The kinematical constraints to point 
A guarantee a uniquely determined position of the lower leg. 
At point A a moment about a vertical axis, and a vertical 
force (Figs 1 and 2: 5) are applied by a special coupling and 
by a long vertical steel rod (Figs 1 and 2: 6). respectively. 

Benink found that vertical loads over 340 N damage some 
embalmed preparations during inversion, and that an in- 
crease of the vertical load from 160 to 340N had no effect on 
the patterns of tarsal movement. We chose 300N as a safe 
upper limit. 
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Z-axis is parallel to the vertical load (and to the rotation axis 
of the setup), and its positive direction is opposite to gravity. 
The Z-Y plane approximately coincides with the sagittal 
plane of the tibia, its positive Y-axis pointing towards the 
toes. The positive X-axis points laterally in a right foot. The 
force acting on the heel is resolved in X, Y and Z components 
by three orthogonal rods fixed to uniaxial force transducers 
(Fig 2:8). Also, the other force transducers are aligned par- 
allel to the co-ordinate axes. Forces acting on the metatarsals 
are transmitted to force transducers by 75 cm long suspen- 
ding wires. Horizontal deviations of the vertical loading axle 
are prevented by a leaf spring (Figs 1 and 2:9). Around this 
axle, a hollow tube (Figs 1 and 2: 10) transmits the moments 
applied through the moment handle (Figs 1 and 2: 11). For 
Roentgen photogrammetry, we use two vertical and approxi- 
mately orthogonal films (Fig. 2: 12). A Roentgen tube faces 
each of the films. The foot points horizontally towards the 
films under angles of about 45”. 

During inversion, the sphere attached to the fifth meta- 
tarsal head moves downward (maximally IOmm). In order to 
avoid bending moments applied to the force transducer, a 
long balanced horizontal arm (Figs 1 and 2:13) was used. 
The aluminium arm passes under a Roentgen cassette to a 
suspension point. The arm is suspended from a leaf spring. 
Counter weights bring the centre of gravity of the arm very 
close to the suspension point. The point to which the force is 
transmitted is about 1000 mm away from the sphere at the 
fifth metatarsal, and lies at the same level as the sphere, just 
above the suspension point of the arm. Here, the arm is 
connected to a flexible rod (100 mm) fixed to a force trans- 
ducer. This way, the direction error of the medio-lateral force 
on the fifth metatarsal is limited to 0.6”. 

To simulate muscle forces, tendons were loaded iso- 
tonically or isometrically. An isotonic muscle force (60 N) can 
be simulated by means of a weight (15 N) hanging over a 
pulley (Fig. 2: 14). The weight over the pulley increases the 
vertical load on the tibia and causes a horizontal moment on 
the leg. This moment causes a horizontal force on the foot 
and a positive or negative contribution to the external 
moment. The magnitudes of these will be discussed later. 
Isometric forces are simulated using force transducers 
(Fig. 2:15) connected via a swivel to a tendon. 

PREPARATION OF THE SPECIMENS 

Figs 1 and 2. F, Force transducers (Fig. 1 only); 1, rotation The foot-leg specimens were taken from cadavers pre- 

centre for the heel (sphere in cup); 2, six wires supporting the served in toto (van Langelaan, 1983; Benink, 1985). A radio- 

forefoot; 3, sphere fixed to lateral side of the fifth metatarsak graph was made ofeach specimen to exclude joint pathology. 

4, point A, just below the coupling and above the fixation Holes for support wires were drilled through the metatarsal 

ring; 5, axial load, 6, vertical steel rod transmitting the axial heads and through the base of the fifth metatarsal. Two metal 

load; 7, ‘Koster’ coupling (see text); 8, orthogonal steel rods spheres (Figs 1 and 2:l and 3) were attached. Bone cement 

fixed to transducers (Fig. 2 only); 9, leaf spring; 10, hollow was applied to the lateral side of the head of the fifth 

tube transmitting the moment; 11, moment handle; 12, metatarsal, giving the screw the necessary support. Next, 

Roentgen cassettes (Fig. 2 only); 13, long balanced arm; force transducers were set to zero, the specimen was 

14, weight and pulley (Fig. 2 only); 15, force transducer and mounted, and an axial load was applied. According to 

swivel (Fig. 2 only); 16, fixation ring for tibia. Benink (1985), we waited 10 min for the specimen to adapt 
itself to the vertical loading. 

Asang (1984) reported damage in some fresh post mortem 
lower extremities for moments over 40Nm. Our setup was 
designed to measure moments up to 4ONm, which allows a 
comparison with results of Benink (1985), who applied 
maximally 25 Nm. 

The special coupling (‘Koster’ coupling, Figs 1 and 2:7) 
was designed to transmit a moment about a vertical axis 
without prohibiting the small tibia1 tilt and the vertical 
translation of point A. This coupling has a high torsional 
stiffness in a horizontal plane and a much lower stiffness for 

RESULTS FOR VALIDATION OF THE SETUP 

The directions of the force transducers under the heel 
deviate less than 0.2” from the corresponding co-ordinate 
axis directions, being virtually constant owing to the small 
deformation of the force transducers (less than 0.1 mm). The 
maximum direction error of the medio-lateral forces on the 
forefoot is 0.2” for the neutral position. For maximum 
inversion, this error can increase to 0.6” (see above). The error 
in balance of the long arm causes a vertical force of less than 

all other moments, or forces in any direction. 0.03 N. For the vertical forces on the metatarsal heads, the 
An orthogonal co-ordinate system (X, Y,Z) is rigidly at- error is less than 0.8” in the neutral position, changing less 

tached to the framework. Its origin is situated in the centre of than 0.2” during inversion. The flexible rods to point A 
the cup in which the sphere under the calcaneus is placed. The (Figs 1 and 2:4) can be directed parallel to the two horizontal 
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EXTERNALLY ROTATING MOMENT 

Constant loading (60N) on a muscle tendon 
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Figs 3,4 and 5. Externally rotating moment on a lower-leg 
specimen as a function of the exorotation angle, with (B) and 
without (A) a constant load of 60N on the peroneus longus 
(Fig. 3), the tibialis posterior (Fig. 4) and the tibialis anterior 

(Fig. 5) tendons. 

EXTERNALLY ROTATING MOMENT 

Constant loading (60N) on a muscle tendon 
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Fig. 4. 
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Constant loading (60N) on a muscle tendon 
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Fig. 5. 

co-ordinate axes within 0.2”. The tibial rise during inversion 
will rarely exceed 15 mm (Benink, 1985). A 15 mm rise bends 
the horizontal rods and the elastic coupling, resulting in an 
additional vertical load of 18 N. A horizontal force on one of 
the slanting rods (estimated at less than 8 N) causes a vertical 
force component of less than 1 N. The tilt of the fixation ring 
engenders a counteracting moment in the ‘Koster’ coupling 
and the horizontal rods near point A. This moment is 
balanced by two opposite horizontal forces: one at point A 
and one at the plantar level of the foot. The tilt is found to be 
3” or less, The stiffness of the ‘Koster’ coupling and the 
horizontal rods is 50 Nm rad-‘. The counteracting moment 
in the coupling and the horizontal force on the foot are less 
than 1.35 Nm and 1.8 N respectively. The rod transmitting 
the axial load (Figs 1 and 2:6) deviates not more than 0.2” 
from the vertical direction. With an axial load of 300 N, this 
results in a horizontal force of less than 1.2 N at point A. The 
forces and moment induced by the pulley weights follow from 
simple equilibrium equations. An added weight of 15 N 
increases the vertical load by 15 N, changes the external 
moment by less than 0.059 Nm, and adds a horizontal force 
of less than 2.3 N to the heel. 

ASSESSMENT OF MUSCLE FUNCTION: AN APPLICATION 

OF THE SETUP 

We simulated an isotonic muscle force of 60 N, in separate 
experiments, for the m. tibialis anterior, m. tibialis posterior 
and m.peroneus longus. We measured the exorotating mo- 
ment as a function of the tibia1 rotation angle (Figs 3, 4 
and 5). Figure 3 shows that loading of the m.peroneus longus 
requires a higher input moment, so this muscle acts as an 
antagonist during inversion of the tarsus. In Figs 4 and 5, 
loading of each of the tibialis muscles appears to reduce the 
needed moment. The difference between the two tibialis 
muscles is greatest from maximal inversion back to 
the neutral position. In this movement, the m.tibialis pos- 
terior proved to be a more effective inverter than the 
m. tibialis anterior. 

DISCUSSION AND CONCLUSIONS 

A new experimental setup is demonstrated. This setup can 
be used to simultaneously measure forces on the foot, and 
positions of bones in the foot and in the leg. Also, the 
functional effects of the lower-leg muscles can be tested, in a 
well defined situation. Measured data can be used as input 
for a quasi-statical model to simulate inversion of the foot. 
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