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The hydrofoil harnesses wave energy and converts it into thrust. In this paper, we present the results of the first

experimental study investigating the dynamic behavior of a fully passive foil with spring-loaded pitch and heave in

regular waves. Our study shows that the real-time load signal is multi-harmonic with strong superposition, directly

proving the robust energy harvesting performance due to the restoring springs. By interpreting the hydrofoil’s pose and

path from an image sequence captured underwater, we conclude the dynamic evolution of the fully passive hydrofoil

interacting with regular waves. The hydrofoil’s dynamics exhibit asymmetric surge, pitch, and heave in a motion

cycle. Furthermore, we employ a pixel capturing algorithm with self-correction utility to quantify the hydrofoil’s

forward displacement from the image sequence of the moving carriage. These findings provide valuable insights into

the performance and potential of hydrofoils for marine propulsion.

I. INTRODUCTION

Motivated by birds and fish, research on foil-like structures

indicates that oscillating motion can generate thrust1,2. Mean-

while, an oscillating foil can extract wave energy3 and con-

vert it to wave propulsion4, which could potentially replace

traditional propellers, enhance ship stability by significantly

decreasing pitch and heave motion, and reduce ship resistance

against waves5,6. A flapping activity denotes that the foil un-

dergoes a combined motion (i.e., heave and pitch). Investiga-

tion of a flapping foil has three different arrangements, namely

fully active, semi-passive, and fully passive, as shown in Fig.

1, where the double arrow represents active motion. For the

present study, a fully passive foil was experimentally tested to

reveal its dynamic behavior in regular waves.

The fully passive foil7 denotes that the heaving and pitch-

ing motion are entirely induced by the oncoming flow, which

typically employs separate springs for heave and pitch to pro-

vide restoring force, while a semi-passive mode8,9 has only

one spring-dominated degree of freedom. Regarding the in-

vestigation of passive foils, the addition of a spring system

has been confirmed to help generate higher thrust10and exhibit

excellent behavior in power conversion11.

The spring stiffness significantly affects the hydrofoil’s dy-

namic performance. Multi-harmonic signals were detected via

spectral analysis of motion responses12,13. The pitch angle or

flapping amplitude directly displays the passive pitch foil’s

dynamic motion, which is found to decrease as the spring

stiffness becomes larger10,14–16. As major parameters that re-

veal the foil’s propulsion performance, the angle of attack,

thrust coefficient, and advance speed are shown to relate to

spring stiffness, and more specifically, an optimal stiffness ex-

ists to maximize performance10,14,15. In addition, the foil’s

dynamic mechanism, including motion trajectory14, within a

period was comprehensively analyzed16. For the experimen-

tal study about foil and wave interaction, there were fixed17

(a) fully active (b) semi-passive 1

(c) semi-passive 2 (d) fully passive

FIG. 1. Schematic sketch of (a) fully active motion; (b) (c) semi-

passive motion and (d) fully passive motion

foils or semi-passive18 foils attaching underneath the ship to

experimentally investigate the impact of foils on ship perfor-

mance. However, there are very few experimental investiga-

tions on the interaction between a fully passive foil and waves.

Isshiki and Murakami19,20 performed experiments on a sub-

merged fully passive foil in regular waves, taking into account

the spring stiffness (especially heave spring) and wavelength,

and concluded valuable results, including trends in advance

speed, thrust, heave, and pitch amplitude.
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It should be noted that most of the above-mentioned in-

vestigation on stiffness effect is based on semi-passive foil.

In addition, there are still fundamental issues regarding the

interaction between waves and fully passive foils that need

to be considered. First, the extension and compression of

the spring affects the statistical analysis of thrust (e.g., time-

averaged thrust), and the induced variation of force time series

is also worthy of investigation. In Comparison to semi-passive

foils12,13, the spring stiffness investigation based on full pas-

sive foils needs further investigation, particularly in relation

to force and advance speed. In addition, the complicated in-

duced motion of the fully passive hydrofoil, which includes

surge, heave, and pitch, has not been experimentally studied

before and is thus worth exploring.

The present study conducted experiments on a fully passive

hydrofoil subjected to fixed regular waves with varying pitch

spring stiffness. Real-time thrust and drag loads were col-

lected and analyzed to reveal the impact of restoring springs

on energy harvesting enhancement. The hydrofoil’s underwa-

ter pose and path within a cycle were discussed, leading to

a summary of dynamic pose and path of fully passive hydro-

foils interacting with regular waves. Additionally, the "pixel

capturing" method with self-correction was used to quantita-

tively describe the forward displacement. The results of this

study provide a deeper understanding of the response of fully

passive hydrofoils to regular waves. Analysis on the hydro-

foil’s dynamic motion helps reveal a deeper understanding of

its motion mechanism. Furthermore, the present investigation

into the spring effect has the potential to make a substantial

contribution toward improving energy conversion efficiency.

II. METHODOLOGY

A. Experimental setup

The present experiments were conducted in an open circu-

lating wave tank21, as shown in Fig. 2, maintained at Cran-

field University. The tank measures 30 m in length, 1.5 m in

breadth, and has a design water depth of 1.5 m. The tank is

approximately 1 m above the ground. The piston-type wave

generator, located near one end of the tank, can produce vari-

ous regular and irregular waves, with a maximum wave height

of 0.28 m. The test section of the tank is located in the mid-

dle, approximately 8.4 m downstream of the wave paddle. A

wave absorber and an absorption beach are installed at the two

ends of the wave flume, to dissipate wave energy and reduce

wave reflection. The circulating water undergoes regular UV

(ultraviolet) disinfection to ensure high-quality transparency.

Additionally, the towing facility over the wave tank can gen-

erate towing speeds of up to 2.5 m/s.

Referring to Isshiki and Murakami19,20, the present 3-D hy-

drofoil model employs a symmetric NACA0024-type foil (Ta-

ble I) with its dimensions scaled down to a chord length (c) of

0.2 m and a span length (b) of 0.1 m, as shown in Fig. 3b. The

chord line has two pivot points, one (P1) located 25 mm after

the leading edge (A), and the other (P2) located 20 mm ahead

of the trailing edge (B). Two "V"-shaped slots [see Fig. 3a]

TABLE I. NACA0024 model a dimension

Property Value [m] Property Value [m]

Span length (b) 0.1 AP1 0.025

Chod length (c) 0.2 P2B 0.02

P1P2 0.155

a Material: PLA

TABLE II. Detailed information of experimental setup

Property Dimension/Stiffness Material Comment

Carriage 0.12 m × 0.212 m × 0.034 m Aluminum Hexahedron

Rod 1 (R1) 0.038 m × 0.62 m PLA Cylinder

Rod 2 (R2) 0.0015 m × 0.05 m × 0.41 m Aluminum Thin plate

Spring 1 (S1) k = 490 N/m Steel compression

Spring 2 (S2) k = 60, 130 N/m Steel extension

are located in the middle span around the pivot points to al-

low rods to pass through. It should be noted that the small

aspect ratio (i.e., b/c) of the present model leads to three-

dimensionality of the flow structure in the wake zone, which

affects the hydrofoil’s performance6 and has been considered

and incorporated into the experimental original design. In ad-

dition, the blockage ratio was calculated at around 0.2%, sug-

gesting that its impact could be ignored. A hydrofoil digi-

tal model with a definition of geometrical parameters was es-

tablished using Gmsh software (version 4.8.4), and then the

corresponding output .stl file was transferred to a 3-D printer

(Brand: Ender 5 pro) to create the physical model.

Considering the three degrees of freedom (i.e., surge,

heave, and pitch) of the hydrofoil’s motion, the experimen-

tal setup shown in Fig. 3a was designed and constructed. It

includes a top carriage, a middle connection consisting of two

rods (R1 and R2), restoring springs (S1 and S2), and the sub-

merged hydrofoil model (Table II). A pair of trail (MODEL:

SBR16 1000/1500 mm) are placed streamwise over the wa-

ter and fixed on two aluminum beams spanning the tank. The

hydrofoil is connected to R1 and R2 via the pivot joints P1

and P2, respectively. As R1 connects its upper end to the car-

riage using screws, the carriage (MODEL: SBR16UU) moves

forward along the rails (i.e., surge motion) with the hydrofoil

underneath it. The inner and outer of R1 are connected to each

other via a compression spring (S2) to allow the hydrofoil to

move up and down (i.e., heave motion). A horizontal slender

plate is fixed at one end to R1, and a pair of extension springs

(S1) is installed within the shaft of R2 and related to R2 via

the horizontal slender plate to achieve the hydrofoil’s trailing

edge offset up and down (i.e., pitching motion). As Isshiki

and Murakami20 concluded that the specified restoring force

corresponding to heave/pitch motion significantly affects the

hydrofoil’s motion in the streamwise direction (i.e., surge),

the present study chose two extension springs (spring A and

B) with different stiffness (k = 60 and 130 N/m) and one com-

pression spring (spring C, k = 490 N/m) to investigate their

impact. According to Hooke’s law equation,
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FIG. 2. Schematic sketch of the wave tank at Cranfield University

F =−k∆x (1)

where F is the applied load, k is the stiffness, and ∆x is the

axial change in displacement due to the force. If two identical

extension springs are axially connected, the distance variation

(∆x) could be doubled subject to the applied load, and thus

the corresponding actual stiffness could be halved. Note that

this study employs extension spring as "pitch spring" to fulfill

the foil’s pitch motion. Therefore, one pitch spring arrange-

ment specifies one spring A (k = 130 N/m) on each side [Fig.

3c], and another setting arranges two identical spring B (k =

60 N/m) on each side to achieve an actual stiffness of 30 N/m

[Fig. 3d]. The initial length of the pitch spring should be prop-

erly assigned, as 70 mm for k = 130 N/m, and 100 mm for k

= 30 N/m. For this study, we only considered a fixed regular

wave with a wave amplitude (A) of 0.05 m and a wave fre-

quency ( f ) of 0.75 Hz. The water depth is in agreement with

the design depth of 1.5 m, and the draft of the hydrofoil (i.e.,

the distance between the water surface and the symmetry line)

is chosen to be approximately 0.1 m. As this work is part of a

comprehensive series of experimental testing, we focused on

analyzing the physical phenomena by considering only a fixed

regular wave condition with two different pitch stiffness val-

ues. The subsequent testing has confirmed the reasonableness

of the present results. Furthermore, this experiment series in-

cludes tests on different springs with a stiffness range from

18 to 300 N/m, and these two selected stiffness values were

considered representative.

B. Data collection and post-processing

The main experimental objective was to measure the real-

time load generated by the hydrofoil, record the underwa-

ter pose evolution of the hydrofoil, and track the top car-

riage’s real-time displacement. To measure the force, a multi-

functional "Go Direct®" sensor was used with a measuring

range of ± 50 N and a minimum scale of ± 0.1 N. A high-

definition camera with a resolution of "1920 × 1080 pixel2"

was employed to film the hydrofoil and the carriage. It is

worth noting that experiments involving each pitch spring

stiffness were repeated three times to independently measure

the force and film the hydrofoil and carriage. Figure 4 pro-

vides a detailed illustration of the experimental arrangement

during the measurement of force and displacement. During

phase 1, the carriage, together with the force sensor, was fixed

on the trail to measure the force. Then, the force sensor was

removed, and the carriage was allowed to move freely dur-

ing phase 2 while the camera recorded the hydrofoil response

from the side of the wave tank. Finally, during phase 3, the

experiment was repeated with the carriage running freely, and

the camera placed on top of the wave tank’s sidewall recorded

the top carriage motion.

For data post-processing, we employed force spectral anal-

ysis using the discrete Fourier transform (DFT) method. Ad-

ditionally, we implemented phase-averaging techniques to

precisely evaluate load variation over one cycle. Furthermore,

the core mathematical approach for tracking carriage motion

is to calculate the two-dimensional cross-correlation coeffi-

cient between two successive film captures.

III. RESULTS AND DISCUSSION

In accordance with the arrangement in Fig. 4, experiments

were carried out at fixed regular wave of A = 0.05 m, f = 0.75

Hz. The spring stiffness was k = 30 and 130 N/m for pitch

and k = 490 N/m for heave. The related outcome contains

time series of load and image sequence of hydrofoil’s pose and

position, image sequence of moving carriage. These reveal the

following: (1) the periodic load and its dependence on waves

and springs; (2) a complete cycle of the hydrofoil’s transient

behaviour; (3) the relationship between spring stiffness and

the advance speed.

A. Harmonic loads

A total of 30-s stable load signals, approximately 40 loops,

were selected for all cases studied, 5 s of which were plot-

ted in Figs. 5a and 5b, corresponding to the pitch spring

stiffness values of k = 130 and 30 N/m, respectively. Note

that dashed lines connect local maxima/minima to mark the

trend. The above two figures show that the force varies pe-

riodically over time, with the duration of three complete cy-

cles in Fig. 5a being 1.32 s, 1.34 s, and 1.34 s, equal to the

applied wave period. This indicates that the load is directly

dependent on the oncoming wave. As positive force and neg-

ative force denote thrust and drag, respectively, load variation
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(a) experimental setup

(b) NACA0024

(c) spring arrangement 1

(d) spring arrangement 2

FIG. 3. Schematic sketch: (a) experimental setup; (b) NACA0024

foil; (c) spring arrangement 1; (d) spring arrangement 2

within a cycle directly reveals the thrust-drag transition for

regular wave and fully passive hydrofoil interaction, which

was numerically observed by Xing et al.22. The time series

in Figs. 5a and 5b shows a clear positive mean value, indi-

cating that the thrust force dominates throughout the process,

thus resulting in the observed slow drift in Fig. 9. However,

the averaged maximum thrust and drag from the three pre-

sented cycles are 1.13 N and 1.89 N for k = 130 N/m and

1.85 N and 1.12 N for k = 30 N/m. This shows that pitch

stiffness affects the load generated by the hydrofoil, and more

specifically, stiffness changing from 130 to 30 N/m could in-

crease thrust and reduce drag. It can also be seen in Figs. 5a

and 5b that each cycle contains several fluctuations at different

magnitudes, indicating the occurrence of signal superposition.

Feng et al.12 found signal superposition via numerical simu-

lation on a semi-passive foil. However, compared to that from

(a) phase 1

(b) phase 2

(c) phase 3

FIG. 4. Experimental arrangement for the pitch spring stiffness k =

130 N/m and 30 N/m for different phases: (a) phase 1; (b) phase 2;

(c) phase 3

a semi-passive foil, the present experimental result displays

superposition with a larger magnitude, which infers that the

restoring spring gives rise to signal superposition and a fully

passive mode with heave and pitch spring enhances the super-

position magnitude.

The corresponding spectral analysis in Figs. 5e and 5f re-

veals harmonics, including the shared dominant frequency of

0.75 Hz (equal to wave frequency) and the outstanding fifth

harmonic (3.76 Hz) for k = 130 N/m and the fourth harmonic

(3 Hz) for k = 30 N/m. In addition, higher-harmonic fre-

quency still turns up (times of the excitation frequency) when

the wave frequency changes to 0.85 Hz and 1 Hz, indicating its
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(a) time series, k = 130 N/m

(b) time series, k = 30 N/m

(c) phase-averaging (130 N/m) (d) phase-averaging (30 N/m)

(e) spectra (130 N/m) (f) spectra (30 N/m)

FIG. 5. (a) Time series of load variation for the pitch spring stiffness

k = 130 N/m; (b) time series of load variation for the pitch spring

stiffness k = 30 N/m; (c) phase-averaging of load variation for the

pitch spring stiffness k = 130 N/m; (d) phase-averaging of load vari-

ation for the pitch spring stiffness k = 30 N/m; (e) spectra of load

variation for the pitch spring stiffness k = 130 N/m; (f) spectra of

load variation for the pitch spring stiffness k = 30 N/m

existence independent from the system natural frequency. The

harmonic frequency was also found by Feng et al.12 and Wang

et al.13 via numerical simulation on semi-passive foil. Subse-

quently, the original 30-s load signal was phase-averaged, and

the output is presented in Figs. 5c and 5d. For a specific pitch

spring stiffness [e.g., 30 N/m in Fig. 5d], hollow squares and

triangles represent the peaks of local thrust and drag, which

follow linear changing trends at different rates, respectively.

The small fluctuations within one cycle have been proven to

be due to the heave/pitch spring. Furthermore, utilized spring

system can be regarded as a "power takeoff" module. As

Boudreau et al.11 proved, fully passive foils can have good

(a) k = 130 N/m

(b) k = 30 N/m

FIG. 6. Hydrofoil pose and flapping angle for (a) k = 130 N/m; (b)

30 N/m

behavior for converting power, and the "small fluctuations" of

the present load signals clearly describe the restoring spring’s

mechanism, which provides direct proof of higher power con-

version of a fully passive foil in regular waves. The com-

pression and extension process of the spring is accompanied

by energy storage and release, which means more energy is

extracted from the wave and converted to propulsion. In addi-

tion, the comparison of Figs. 5c and 5d shows that reducing

stiffness from 130 to 30 N/m causes larger thrust, resulting in

better propulsion performance.

B. Dynamic pose and path

Image sequence of hydrofoil underwater motion at a con-

stant interval of 0.1 s was obtained via the phase 2 experiments

with a free running carriage and different pitch spring (k = 30

and 130 N/m). Two representative image captures in Figs. 6a

and 6b were chosen to interpret the maximum flapping angle

for k = 130 and 30 N/m. The flapping angle (marked as Ak130

and Ak30) denotes the angle between chord line and the hori-

zontal line. It can be observed that the flapping angle for k =

30 N/m is significantly larger than that of k = 130 N/m, ev-

idencing that larger pitch spring stiffness for a fully passive

foil could suppress the flapping magnitude, which is in agree-

ment with results from semi-passive foil16. Considering the

fact that Strouhal number determines thrust generation23 and

is calculated using flapping magnitude or angle, it can be con-

cluded that the pitch stiffness affects the flapping angle and,

consequently, the load generated by the hydrofoil.

Subsequently, a total of 14 successive captures [Figs. 7a-

7n] for k = 30 N/m were presented to describe the hydro-

foil’s dynamic motion within a complete cycle. The schematic

sketch in Fig. 7o displays one complete wave elevation cy-

cle. Location A and E correspond to Figs. 7a and 7n due to

the identical water surface elevation (i.e., trough). Similarly,

Figs. 7b-7d, 7e-7g, 7h-7j, 7k-7m represent four quarters of the

wave cycle, corresponding to the AB, BC, CD and DE parts

in Fig. 7o. In Fig. 7a, the hydrofoil is located in its balance

position. In Figs. 7b-7d, the hydrofoils lift upward, and the

amplitude of the offset of the trailing edge gradually increases.

For the horizontal direction, the hydrofoil moves forward at a
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(a) t = t1 (b) t = t1 + 0.1s (c) t = t1 + 0.2s

(d) t = t1 + 0.3s (e) t = t1 + 0.4s (f) t = t1 + 0.5s

(g) t = t1 + 0.6s (h) t = t1 + 0.7s (i) t = t1 + 0.8s

(j) t = t1 + 0.9s (k) t = t1 + 1.0s (l) t = t1 + 1.1s

(m) t = t1 + 1.2s (n) t = t1 + 1.3s (o) wave elevation sample

FIG. 7. (a)-(n): A complete cycle of hydrofoil underwater motion for k = 30 N/m with time interval 0.1 s; (o) wave elevation sample

small distance in Figs. 7b and 7c) and then moves back in

Fig. 7d. For the next quarter, the hydrofoil moves downward

and returns to the original balance position in Fig. 7g (i.e.,

location C). In the third quarter [Figs. 7h-7j], the hydrofoil

strokes downward with chord line pointing upward, and, at the

same time, it makes a significant advance displacement. Sub-

sequently, in the last quarter cycle, the hydrofoil flaps back

to the balance position as well as makes another huge forward

displacement. More details can be obtained if we discuss it to-

gether with the wave elevation. The front side of the wave lifts

the water level, causing the hydrofoil to flap upward, and the

rear side of the wave causes the hydrofoil to flap downward.

However, the hydrofoil only makes a significant advance dis-

placement in the rear side of the wave, indicating that the hy-

drofoil and restoring springs extract and store wave energy for

the front side of the wave and convert it to propulsion after the

wave crest.

According to the discussion regarding Fig. 7, a sketch col-

lection was summarized and illustrated in Fig. 8 to describe

the pose evolution and path line of a fully passive hydrofoil in

regular waves. The dynamic process consists of two stages,

differing in surge, pitch, and heave motion. It is worth not-

ing that the bold-marked foil denotes the initial pose, and the

foil poses (P1-P7) are ordered. Poses 1-4 describe the first

stage when the hydrofoil starts from a balance position, then

shifts and flaps upward, and return to the identical balance

position. For the second stage (i.e., pose 4-7), the hydrofoil

diverts downward with a smaller offset and flaps downward

at a smaller scale flapping magnitude, accompanied by signif-

icant advance displacement. More specifically, the dynamic

process reveals the unique features of the fully passive foil

dynamic response, including the "forth-and-back" surge com-

ponent, the asymmetrical flapping angle (i.e., pitch), and the

asymmetrical offset (i.e., heave). Linear wave theory states
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FIG. 8. Sketch collection of fully passive foil in regular wave

(a) t = t3 (b) t = t3 + 0.2 s

(c) t = t3 + 0.6 s (d) t = t3 + 1.2 s

(e) distance comparison

FIG. 9. (a)-(d): Film captures of moving carriage for k = 30 N/m at

t = t3, t3 + 0.2 s, t3 + 0.6 s, t3 + 1.2 s; (e) displacement of carriage

against time for k = 130 N/m and 30 N/m

that a fluid particle below the surface moves along a closed

orbit. Consequently, the hydrofoil’s "forth-and-back" surge

response might be attributed to this orbital motion. Moreover,

the diameter of the orbit changes as the fluid particle descends,

which could help explain the aforementioned asymmetrical

flapping angle and offset. For the comparison, a semi-passive

foil was found to keep propulsion force component, indicating

advance movement throughout one period14, and the maxi-

mum pitch angle of flapping up and down is the same16. Con-

sidering the relation with wave elevation, the first stage and

second stage mainly take place in the front and rear sides of

the wave, respectively.

C. Advance speed via "pixel capturing"

The third experimental part filmed the carriage displace-

ment and obtained similar trend in terms of different pitch

stiffness (k = 130 and 30 N/m). Consequently, Figs. 9a-9d are

captures about moving carriage at pitch stiffness of 30 N/m,

indicating a huge forward movement within 1.2 s. Specifi-

cally, setting the original position (marked as a dashed rect-

angle) as a reference, the carriage was observed to follow an

"onward-backward-onward" path in the middle two moments

[Figs. 9b and 9c] confirming the "thrust-drag" transition. For

a quantitative description, the obtained recording was con-

verted into an image sequence at a time interval of 0.2 s. Each

pixel corresponds to a grayscale value from 0 to 255, and the

image sequence was mathematically expressed as a group of

grayscale matrix. The carriage position of all images then can

be accurately recognized using cross-correlation analysis be-

tween two successive images. It should be noted that the ratio

of physical distance to pixel difference varies at different area

in a image due to "distortion". The term "distortion" refers to

the variation in the ratio of "pixels" to "distance" at different

areas in the image, caused by the physical distance variation

between the lens and different locations on the track. The

"black circle" and "black square" on the carriage are tracked

independently to correct the carriage position. To reduce time

consumption, another window containing the carriage was de-

fined for cross-correlation calculation, and the window loca-

tion was updated according to carriage position.

Figure 9e compares the advance movement at different

pitch spring stiffness. The displacement increases linearly

with time, and the local periodic fluctuation coincides with the

aforementioned "onward-backward-onward" path. The result

also confirms that the pitch spring stiffness affects the advance

displacement. The variation of displacement against time is

in agreement with the numerical results from Xing et al.22. A

similar trend in advance speed (displacement) was observed

for a semi-passive foil15.

IV. CONCLUSION

The present experimental study investigates the interaction

between a fully passive hydrofoil (spring-loaded at heave and

pitch) and regular waves, with a focus on the thrust force, hy-

drofoil’s pose, path, and advance displacement. The regular

wave was maintained at a fixed wave height of 0.1 m and fre-

quency of 0.75 Hz, while the pitch spring stiffness was varied

at k = 130 and 30 N/m. Based on the experimental findings,

the following conclusions can be drawn:
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• The load varies periodically at the wave frequency.

Lower stiffness (e.g., k = 30 N/m) leads to a larger thrust

and a smaller drag. The time series of the load is har-

monic due to the heave and pitch springs. Small fluctu-

ations can be considered to improve energy harvesting.

• The pitch stiffness affects the hydrofoil’s pose, with

higher stiffness (e.g., k = 130 N/m) leading to a smaller

flapping angle. We propose the dynamic process of

pose and path for a fully passive hydrofoil in regular

waves. The surge, pitch, and heave responses differ be-

tween the two stages of a complete motion cycle.

• The hydrofoil’s advance displacement is analyzed by

applying a "pixel capturing" technique to an image se-

quence of the moving carriage, revealing an overall lin-

ear increasing trend with local fluctuations.
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