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INTRODUCTION
Any change of motion of an object results from force acting on it,
as does the motion of animals. Animal locomotion seems simple –
an organism exerts a force on the external environment and, through
Newton’s third law, a reaction force from the environment acts on
the animal and accelerates the motion (Dickinson et al., 2000).
However, studies indicate that the spatial and temporal dynamics
of force application are not as simple as they first appear, so
measurement of the interactive forces between an organism and the
environment becomes one of the most effective approaches to
understanding the locomotion of animals. A vast amount of data on
interactive forces has accumulated over the years. Various methods
of measuring the force acting on individual limbs have been
developed. A buckle force transducer was developed which could
be implanted into a tendon to measure the force generated by muscle
directly (Biewener et al., 1988; Kleinrensink et al., 2000; Nikanjam
et al., 2007). Unfortunately this approach may wear and damage
the tendon and results in unpredictable changes in the locomotion
behaviour and dynamics, so it has not been widely used in recent
years. Wearable force sensors were developed to measure the vertical
ground reaction force of horses (Kai et al., 2000; Merkens et al.,
1986) and the normal and shear forces of humans (Liu et al., 2007).
This method is relatively cheap because only a small number of
sensors are used, and the reaction forces of many consecutive strides
can be measured, but it is not suitable for measuring the reaction
force generated by geckos and other sticky animals, because a
wearable sensor cannot generate adhesive force like a gecko. A force
platform was first introduced by Manter in 1938; he measured the
3D reaction force of a cat moving on a horizontal substrate by
observing the displacement of three springs, which were used to
hang the substrate (Manter, 1938). Many researchers have developed

2D mini force platforms to measure the reaction force of various
animals, when the animals move on horizontal or vertical substrates
(Biewener et al., 1988; Blickhan et al., 1987; Herzog et al., 1989;
Full and Tu, 1990; Heglund, 1981). However, the force measured
by the 2D mini force platform cannot completely reveal reaction
force in 3D. Subsequently, the 2D force platform was improved to
a 3D mini force platform to measure the reaction force of animals
(Autumn et al., 2006; Chen et al., 2006; Full et al., 1991; Kram et
al., 1998; Lammers, 2007; Weishaupt et al., 2004). Other force
transducer techniques have also been developed to measure the
reaction force of various animals (Autumn et al., 2000; Liang et al.,
2000). An optical birefringence gel technique was introduced
(Harris and Ghiradella, 1980; Full et al., 1995) to measure the
reaction force, but it is not reliable enough. Unfortunately, our recent
systematical studies demonstrated that these measurements reveal
the locomotion dynamics but not the reaction force and do not
globally reflect the mechanical coordination relationship between
each limb of the animal during locomotion. Here we introduce a
newly developed force-measuring array (FMA), report some results
obtained by the FMA and compare the difference between the
reaction forces measured by FMA and those measured by a force
platform. Our paper aims to introduce the FMA and to show the
difference between measuring methods, thereby revealing the best
way to measure the real reaction forces during animal locomotion.

MATERIALS AND METHODS
Animals

Gecko lizards, Gekko gecko (Linnaeus), were obtained from a
supplier in Guangxi Province, China. They were housed in a room
under simulated natural conditions with fresh water and live insects
as food, and kept on a natural light cycle. The mean (±s.d.) mass
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individual feet.
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was 65.4±2.4g (N16) and the snout-to-vent length was
140.2±14.1mm (N16). Before the experiments began the geckos
were trained in two boxes connected by an aisle, which was similar
to the aisle of the FMA. A tested gecko was lured or otherwise
persuaded to move from one end of the aisle to the black box located
at the other end of the aisle.

Experimental system
The experimental system included the force-measuring setup and
locomotion observation setup (Fig.1). The force-measuring setup
comprised 16 3D sensors (2 lines�8 sensors) attached to a frame,
forming the FMA (Fig.1, no. 8, inset nos 1–3), a frame (Fig.1, nos
4–7) to support the FMA, a signal conditioner (Fig.1, no. 11, National
Instruments, Austin, TX, USA), a computer to sample and save data
(Fig.1, no. 14, Dell, Xiamen, China) and connecting cables (Fig.1,
nos 10 and 12). The locomotion observation setup comprised a high
speed CCD video recorder (Fig.1, no. 18, Mikrotron, MC1311,
Unterschleissheim, Germany), a tripod to support the high speed
camera (Fig.1, no. 17), two mirrors at 45deg to the aisle of the FMA
to obtain side images during gecko locomotion (Fig.1, no. 9), a frame
for the CCD recording computer (Fig.1, no. 15, Lenovo, Nanjing,
China) and a connecting cable (Fig.1, no. 16). The force acquisition
and image recording were triggered (Fig.1, no. 13) at the same time.
The 3D sensor (Zhang et al., 2007) (Fig.1, inset no. 2, Institute of
Bio-inspired Structure and Surface Engineering, self-made) was made
up of T-shaped aluminium alloy. High-resolution foil strain gauges
(Model ZF350-1AA-W, ZEMIC, Hanzhong, China) were glued onto
the H-shaped zone and optimized by FEM in order to obtain
maximum strain in the zone. A load carrier (30�30mm) was glued
on the top of the 3D sensor to mimic the substrate. The full
Wheatstone bridge was used to detect the change of resistance.

Calibration of the 3D sensor
The sensors were calibrated by the dead-weight method. Defining
FX, FY, FZ and UX, UY, UZ as representing the applied loads and
voltage change in the corresponding direction, the corresponding
regression is:

FX  0.9141 � UX – 0.0445, r20.99999, N16, 
F1.27�105, d.f.1,14, P4.08�10–36 . 

FY  0.9308 � UY + 1.7200, r20.99999, N16, 
F2.98�105, d.f.1,14, P1.06�10–31 . 

FZ  2.2245 � UZ – 1.2738, r20.99995, N16,
F1.75�105, d.f.1,14, P4.39�10–37 . (1)

The load limit is 1500mN and the load resolution in the X-, Y- and
Z-directions is 2, 2 and 3mN, respectively.

The sensor was loaded with different dead weights in the X-, Y-
and Z-directions (Fig.2A) and the coefficients Cij in Eqn2 were
determined by regression of the loaded weight and the output of
the sensors. Then we fitted the static characteristic curves to lines
by the method of least squares and extracted the slope of each fitted
line to make up the matrix C (Fig.2B–D). The output of the sensor
U to the applied load F is given by:

Cij is the change of electric voltage in the j direction when the load
acted in the i direction. The coefficients of the sensors differ
somewhat because of their manufacture – therefore all were
calibrated. After the sensors were calibrated and the detected
voltage variations of each sensor Uwere measured, the applied force
F acting on the sensor could be obtained by:

The corresponding coefficients and reverse matrices of one sensor
in the above FMA are shown in Eqns4 and 5:

The calibration results of all sensors indicate that coupling between
different directions is less than 5%. The detailed performance of
one of the sensors is given in Table1, which shows the sensors are
good enough for the reaction force measurements.

For dynamic measurement, the natural frequency of the sensor
must be high enough to avoid any influence on the measured results
(Wu et al., 2010). To achieve this, we refined the geometric structure
of the sensor by the finite element method (FEM) to optimize the
sensor by increasing the natural frequencies without decreasing the
sensitivity. The first order of natural frequency was calculated by
FEM as 455, 277 and 589Hz in the X-, Y- and Z-directions,
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Fig.1. Setup of the force-measuring array (FMA) and
locomotion behaviour observation system. Objects in the figure
are as follows: 1, connector linking the 3D sensor to the frame;
2, frame for the sensor; 3, load carrier (b is the width of the
load carrier, 30mm); 4–7, frame supporting the FMA; 8, frame
to which the 16 3D sensors are fixed; 9, two mirrors 45deg to
the FMA; 10, 12, 13 and 16, connecting cables; 11, signal
conditioner; 14 and 15, computers to sample and save data;
17, tripod to support the high speed camera; and 18, high
speed CCD video recorder.
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respectively. The frequency was also measured by a high frequency
accelerometer (PCB 352C23, model ICP; PCB Piezotronics Inc.,
Depew, NY, USA) using the hammering method, which gave values
of 491Hz (Fig.3), 235 and 561Hz, respectively. These data are
consistent with the FEM calculation. After a load carrier was fixed
on the top of the sensor (Fig.1, inset no. 3), the natural frequencies
of the system (sensor with load carrier) were reduced to 252Hz
(Fig.3 dashed line), 125 and 355Hz, respectively.

Measuring reaction forces independently and setting the slope
substrate

To measure the force acting on each sensor independently, we
calculated the deformation of each sensor under maximum load and
fixed the sensors into two lines, with a clearance of 1.0±0.1mm
between the load carrier of the sensors and the frame or between
neighbouring sensors (Fig.4A). To measure the reaction forces
between the gecko’s foot and an inclined substrate, our design allows
the FMA and the mirrors (Fig.4A) to rotate about an axis on the
frame, so that the array can be fixed at all angles between the horizontal
(slope angle 0deg) and an upside-down position (slope angle 180deg).

Recording the locomotion behaviour
We mounted two mirrors on the left and right (Fig.4A) of the sensor
array to enable us to record 3D locomotion behaviours using a high
speed camera at 150–500framess–1 (Fig.1, no. 18); that is,

behaviours in the lateral and fore–aft direction from the real image,
and side views in the normal and fore–aft direction from the mirror
images (Li et al., 2009). The camera was mounted perpendicular to
the sensor array and covered all arrays in the image. One recorded
image during a gecko’s locomotion is shown in Fig.4A. The
measured force and the recorded image were synchronized by a
connected trigger (Fig.1, no. 13). From the images we were able
to check the contact status of the foot on the load carrier of the
FMA to select out the corresponding reaction force. The obtained
reaction forces are shown in Fig.4B. Fig.4C shows the locomotion
behaviours and corresponding 3D reaction forces acting on each
foot. In order to show the general pattern of the reaction forces, the
data presented in Fig.4C,D were smoothed by 10Hz.

A force platform to repeat previous measurements
To compare our experimental results with measurements previously
reported, we developed a 200�400mm force platform (Fig.5A)
supported by four 3D sensors (Fig.1, inset no. 2) to repeat the
experiments carried out by Autumn and colleagues (Autumn et al.,
2006). The locomotion behaviour in a bird’s eye view and two side
views was recorded by a high speed video-camera. When a gecko
moved along the force platform, the reaction force and locomotion
behaviour were synchronously recorded over time. The relationship
between reaction force and locomotion behaviour is shown in
Fig.5B.

Experimental methods
We set up the FMA at predetermined slope angles, put a gecko at
one end of the aisle and a black box at the other end, and persuaded
the gecko to move freely along the aisle of the sensor array and
trigger the data acquisition and locomotion recording
simultaneously. We carefully checked the reaction force data and
the recorded images to select those recordings which met the
following conditions: (i) all toes of a foot acting on only one or two
sensors; (ii) no slip taking place during the experiment; (iii) no
sudden acceleration or deceleration during the test. Such data were
saved and numbered.

Table 1. Specification of 3D sensor

Direction Full scale (FS) (mN) Resolution (mN) Non-linearity (%FS) Hysteresis (%FS) Creeping (%FS30min–1) Integrative error (%FS)

X 1500 2 0.14 0.24 0.21 0.86
Y 1500 2 0.12 0.22 0.26 0.93
Z 1500 3 0.13 0.21 0.25 0.95
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Fig.2. Calibration of the sensor by the dead-weight method (w, weight).
(A)Calibrating the sensor in the X-, Y- and Z-directions; (B–D) regressions
of the calibration results corresponding to the X-, Y- and Z-directions,
respectively. Red squares, Y-direction; green triangles, Z-direction; blue
diamonds, X-direction.
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Fig.3. Measuring the natural frequency of the sensor. The natural
frequency was measured by the hammering method in the lateral direction
for a sensor with (252Hz) or without a load carrier (491Hz).
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Data calibration
To understand the locomotion dynamics of geckos, the reaction force
should be represented by body-based coordinates. During the
experiments, the collected reaction forces were represented by sensor-
based coordinates; the body-based coordinates may differ from the
sensor-based coordinates because the gecko moves on the aisle freely.
To minimize the influence of this difference, we converted the reaction
force from sensor coordinates to body coordinates. We defined a line
from two cross-points of the front limbs and hindlimbs to the dorsal
spine, and determined the transient deflection angle  from this line
to the centre line of the array (Fig.4A). We converted the lateral and
fore–aft forces from the sensor coordinates to a gecko body coordinate
by the above angle. The force measured by the sensor (FX, FY, FZ)
could be converted into a body coordinate system (FL, FF, FN) by:

The shear forces (FS), over-all reaction forces (FR), driving angles
() and support angles () were defined by:
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Kinematics
Around 2000 images were obtained for each trial. The locomotion
behaviour was represented by two points on the dorsal spine of the
gecko; the position (Xi, Yi) of the marked points on the gecko body
was read out from each frame image recorded by a high speed
camera. Therefore, the gecko’s moving speed (v) was calculated by
vy(Yi+1–Yi)/t and vx(Xi+1–Xi)/t, where t is the time between
two images; Yi+1, Xi+1 and Yi, Xi are the coordinates of the marked
point corresponding to time i+1 and i. Here i is the number of discrete
time points. Additionally, the positions of the marked point were
used to calculate the transient deflection angle .

Data filtering
We set the upper cut-off frequency of Butterworth filtering at 100Hz
in the signal conditioning hardware (National Instruments) after
comparing a number of different cut-off frequencies. The collected
forces of sensors on which all toes were acting were inputted into
Excel (Microsoft) to obtain the maximum lateral force FL, fore–aft
force FF and normal force FN during a single foot stance phase, and
plotted as graphs (Fig.4B). The average and divergence of the values
were calculated and compared using a t-test.

α = arctan(F L / F F ) α ∈(−180°,180°)

β = arctan(F N / FS ) β ∈(−90°,90°)

⎫
⎬
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 .  (8)
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Fig.4. Locomotion behaviour and reaction forces
measured by the FMA. (A)Image recorded by
the high speed camera, where sensor-based
coordinates (X, Y, Z) and gecko-based
coordinates (lateral, fore–aft and normal) are
defined and the angle between two coordinates
is the transient deflection angle . The two side-
view images were recorded at the same time.
The contact status between foot and load carrier
of the sensors was also shown in the images.
(B)Reaction force acting on the front left foot by
the substrate. FL, lateral force, FF, fore–aft force,
FN, normal force. TIC, duration of initial contact –
time from the gecko’s foot pushing against the
sensor to the toe attaching to the sensor; TC,
duration of contact – time from the toe attaching
to the sensor to it detaching from the sensor; TS,
duration of contact between gecko’s foot or toe
and the sensor (TSTIC+TC). (C)Locomotion
behaviour and the reaction force acting on each
foot during a step cycle. For description of t1–t6
see text. (D)The summed reaction forces acting
on all feet, which corresponded well with the
force obtained by the force platform.
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Statistics
An animals’ reaction force can be influenced by many factors, such
as body weight, excitatory state, locomotion behaviour and
environmental condition, so statistical analysis must be introduced
to reveal the role of locomotion mechanics. We compared the
differences between groups by t-test and set the critical P-value as
0.05 (SPSS Inc., Chicago, IL, USA). All tested data are presented
as means ± s.d.

RESULTS AND DISCUSSION
We set up the FMA and force platform as typical slopes as floor,
wall and ceiling and obtained a number of valid trials of the
measurements when geckos freely moved on the FMA and on the
force platform. We also were fortunate to collect a few groups of
data where the four feet of a gecko attached to a sensor consecutively.
The following sections will focus on the difference between the
reaction force measured by the FMA and by the force platform when
the gecko climbs on a vertical substrate in order to find out the best
way to measure the reaction forces.

3D reaction force measured by the FMA
When a gecko climbs on a wall, it places its feet on the substrate
during TIC and then, attached to the substrate, generates adhesive
normal force FN, positive fore–aft force FF and negative lateral force
FL during time TC (Fig.4B).

Fig.4C shows clearly that the reaction force acting on individual
feet by the substrate during a complete step circle is discontinuous.
When the gecko climbed on the vertical FMA, the left front foot
attached to one load carrier of a sensor first, then the right hindfoot
attached to another (Fig.4C, t1 black marks). During time t�(t1, t3),
the attachment status of feet or under stance phase did not change;
the lateral forces acting on the left front foot and the right hindfoot
were pulling away from the body in opposite directions, which made
the gecko’s attachment much more stable. The lateral forces
generated counter-clockwise torque, which varied during attachment,
with a maximum up to 1.8�10–2Nm (around 0.2N�0.9m). This
torque was balanced by bending of the lateral trunk of the gecko
body. The fore–aft forces acting on the left front foot and the right
hindfoot were always positive and served to balance the body gravity
and drive the gecko upwards on the vertical substrate. The normal
reaction force acting on the front foot was negative to generate a
torque to prevent the gecko from falling off backwards and the
normal force acting on the hindfoot was adhesive or repulsive. The

adhesive normal force acting on the hindfoot might be caused by
the inertial force of the body in the normal direction. At time t�(t4,
t5), the left hindfoot and right front foot gradually attached to the
substrate (load carrier of sensor) and the other two feet gradually
detached from the substrate. The gecko had performed a
transformation of swing phase to stance phase. From t5 to t6 the
gecko was supported by two legs and preparing for the next phase
transformation. To compare the measured data with those obtained
by the force platform, we summed the reaction forces acting on all
feet (Fig.4D). The summed lateral force corresponded well to that
of results obtained using the force platform (Fig.5B, multi-feet
action). The summed lateral force was much smaller than the
corresponding force measured by an individual sensor, which
masked the relationship between the locomotion behaviour of lateral
trunk bending and the torque generated by lateral forces.

3D reaction force measured by the force platform
Fig.5B shows the reaction force measured by a force platform with
the corresponding locomotion behaviour. When the gecko moved
on a vertical substrate, the normal, lateral and fore–aft reaction forces
were recorded while only one front foot was attached on the force
platform, but then the other front foot attached to the force platform,
which resulted in the measured force being a mixture of the reaction
forces acting on the two front feet. Therefore it was possible to obtain
the maximum reaction force of one foot acting on the substrate, but
impossible to obtain a complete recording. When all body weight
was supported by the force platform, the measured force fluctuated
around its average; the mean of the fore–aft reaction force was the
body gravity, while the mean of the normal and lateral forces was
around zero. Here, the measured force was not the reaction force,
but the inertia force generated by the gecko during locomotion. The
biggest variation of fore–aft force corresponded to the change in
forward velocity of the gecko body during motion, while the
variation of lateral force correlated with trunk bending and swinging
of the limbs. When the gecko’s front feet moved off the force
platform, the reaction force acting on the hindfoot was measured.
In short, the force measured by the force platform was only part of
the reaction force or the inertia force during the gecko’s locomotion.
We compared our results with the reaction forces of geckos
(Autumn et al., 2006) and cockroaches (Goldman et al., 2006)
measured by a force platform, and found the reaction forces vs time
curves to be similar. All components of the reaction forces – lateral,
fore–aft and normal – fluctuated around their average.
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Fig.5. (A)Illustration of the force platform employed to repeat previous measurements. (B)The locomotion behaviour is shown in the upper section and the
forces measured by the force platform are presented in the lower section.
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When animals moved on a horizontal floor, the measured normal
reaction force fluctuated around body weight, but the lateral and
fore–aft forces fluctuated around zero (Fig.5). When animals
moved on a vertical substrate, the fore–aft forces changed around
body weight, but the other two components varied around zero. The
results of our repeated measurements during gecko locomotion
revealed the same dynamic response, as the measured force is the
inertial force generated during the animals’ locomotion. This is
because the impact between the animal’s foot and a solid substrate,
the motion of the legs in swing phase and lateral trunk bending will
all cause acceleration and thus generate inertial force. However, all
of these measurements do not give the force acting on an individual
foot; this force is the key parameter for understanding the locomotion
of legged animals because only the force acting on the feet will
finally drive the motion of animals.

Comparing the reaction force measured by the two facilities
Comparing the reaction force measured by the FMA and by the
mini force platform, it is clear that the results obtained by the FMA
more clearly represent the full detailed information from attachment
to detachment between an individual foot and a solid substrate,
showing reaction forces acting on the foot when it is in stance phase
but not when it is in swing phase. We believe the results show the
real reaction force acting on the gecko’s foot by the environment.
On the other hand, the 3D forces measured by the mini force platform
fluctuate around their average. The fore–aft force fluctuates around
body weight when the gecko climbs vertically, while both normal
and lateral forces fluctuate around zero. Thus the reaction force did
not follow the physical procedure of stance and swing phase. So
the results are the dynamic response of the whole body when the
animal moves over the force platform. We are sure that measuring
the reaction force using a force platform is not the best procedure,
even when a single foot’s reaction force can be obtained when the
animal’s first or last foot acts on the platform, but the reaction force
is not complete. We are convinced that, to measure reaction forces
properly, the wearable devices and FMA must be introduced.
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