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Leonardo da Vinci (1452–1519) was a visionary engineer, scientist, and polymath of the Renaissance era who 
performed numerous experiments in tribology, including experiments on wear. As discussed by Prof. Dowson, 
due to the delayed discovery of several caches of his notebook pages (particularly the Codex Madrid I) recog-
nition of Leonardo’s immense contributions to the field of tribology was delayed and continues to unfold. 
Leonardo’s illustrations and investigations clearly describe studies and patterns of wear, particularly for loaded 
shafts and bushings. In this work, we present an attempt to faithfully recreate Leonardo’s observations of wear 
using bushing and shaft systems made from olive wood. Our experiments, performed roughly 500 years after 
Leonardo’s, reproduced his findings and demonstrated shape evolutions during operation as a result of wear. 
Leonardo’s elegant demonstration of a 2-dimensional bushing-and-shaft system in which the shaft is turning 
inside of the bushing, showed wear to both components and resulted in a tear-dropped shape as the shaft was 
consumed. Our experiment, which took over 260 days to complete generated a similar tear-drop shape with an 
acute angle within 5◦ of the angle in Leonardo’s original drawing. This undertaking also revealed the extensive 
duration of time over which experiments, and mechanisms operated in Leonardo’s laboratory and adds to our 
understanding of the laboratory environment: a dynamic, active, and busy laboratory in motion, with numerous 
ongoing experiments and moving mechanical assemblies at work. As Prof. Dowson recognized, Leonardo da 
Vinci was clearly curious and passionate about tribology, as the Codex Madrid I contains thousands of illus-
trations of tribological components and experiments in friction, wear, and lubrication.   

The fascinating history of tribology was collected, curated, and 
codified by Prof. Duncan Dowson in his classic text “History of Tribology” 
[1]. One of the most captivating and remarkable findings was the evi-
dence that the Renaissance scholar Leonardo da Vinci (1452–1519) 
actively experimented in tribology. The first reports of Leonardo’s work 
in tribology were published by Ladislao Reti [2], the Leonardo da Vinci 
scholar, who passionately investigated and studied the influence of 
Leonardo’s “originality and transcendent genius” on his contemporaries 
and successors. Ladislao Reti translated the Madrid Codices (which were 
discovered in the Biblioteca Nacional de España in Madrid in 1965) and 
created a list of machine parts described in the codices including: screws, 
bearings, friction wheels, gears, ratchets, brakes, flywheels, and toothed 
wheels. It was within Reti’s 1971 manuscript, “Leonardo on Bearings and 
Gears” [2] that Dowson recognized Leonardo’s three notable observa-
tions that preceded the development of the laws of friction: (1) friction is 
independent of contact area, (2) the resistance of friction is directly 
proportional to applied load, and (3) friction has a consistent value of μ 
= 0.25. 

Studying Leonardo’s extensive collection of documents is best 
described as an act of endurance. Prof. Dowson felt honored and hum-
bled to be allowed to personally examine some of Leonardo’s codices, 
which contain thousands of pages of illustrations, sketches, notes, and 
his signature left-handed mirror writing script (see Fig. 1). Inspired by 
the breadth of his work and his extraordinary prescience regarding 
machinery, mechanisms, and tribological systems, Prof. Dowson pro-
claimed Leonardo da Vinci as the leading tribological personality: a 
scholar whose notebooks “provide an exhilarating view of the application of 
a scientific approach to tribological problems” [1]. Leonardo’s experiments 
in tribology included studies of friction, bearings, and wear and can be 
found in the Codices Atlanticus, Madrid I, Madrid II, and the Arundel. 
Additionally, the Codex Windsor shows numerous examples of bio-
tribological systems: joints, linkages, muscles, tendons of the arms and 
legs, and diagrams of joint mechanics that parallel the numerous illus-
trations of the pulleys, pivots, and linkages found in the Codex Madrid I. 
The sketches of cartilage are those of glistening-clean bearing surfaces 
that are most discernable in the illustrations of the knee and hip joints (a 
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subject of extensive research by Prof. Dowson [3]). 
The Codex Madrid I manuscript, “Tratado de Estatica Y Mechanica en 

Italiano” (Treaty of Statics and Mechanics), was written by Leonardo da 
Vinci between 1490 and 1500 and contains approximately 370 hand- 
written pages. This document contains sketches and drawings of over 
200 different mechanisms including well over 2500 illustrations of 
bushings, pivots, and bearings; 400 illustrations of gear sets; 500 illus-
trations of pulleys and belt driven mechanisms; and dozens of illustra-
tions of experiments on the topics of friction and wear. Dowson, Reti, 
and Hutchings have all provided outstanding reviews of the experiments 
in bearings and friction described in Leonardo’s Codices [1,2,4]. 

The breadth of tribology experiments found in Leonardo’s codices 
inspired a collaboration in 2014 to recreate the experiments that led to 
Leonardo’s observations in friction. These experiments were performed 
on various wooden blocks and planes using a sled-like apparatus as 
described by Leonardo. Our initial efforts using clean, dry wood with 
sanded surfaces in a conditioned laboratory environment failed to 
reproduce the finding of the friction coefficient, μ = 0.25. Remarkably, it 

was school children who, when playing with the apparatus, unknow-
ingly prepared it to repeatedly and reliably reproduce all three of Leo-
nardo’s findings [5]. It became clear to us that only roughly-cut and 
brusquely-squared samples of dry wood that were handled and sullied 
by hand, in a fashion typical of wood working, could consistently 
reproduce a friction coefficients of μ = 0.25. Although we intended to 
learn more about Leonardo’s experience in tribology, it seemed that we 
learned more about the likely character and condition of Leonardo’s 
workspace – an eclectic, active, dusty, dirty, and dynamic laboratory. 
These results and experiments were published in a 2014 manuscript. The 
working title of the manuscript was “The Dirt on da Vinci”, but Duncan, 
ever the gentleman, suggested the final title “Leonardo da Vinci’s Friction 
Experiments: An Old Story Acknowledged and Repeated” and wrote, “we 
humbly honour Leonardo da Vinci and recognise his experimental in-
vestigations of friction some five hundred years ago as one of the outstanding 
studies in tribology.” 

Evidence that Leonardo studied wear is more subtle and infrequent. 
The most notable example is the simple diagram of wear experiments 
illustrated on page 118 of the Codex Madrid I (see Fig. 1) for which the 
roughly-translated Italian (by tribologists not Italian scholars) is given in 
Table 1. In Leonardo’s sketches of a spinning shaft on a block, the 
applied load is presumed to be on the shaft and loaded from the top. The 
most striking image within the figure is the lower illustration demon-
strating the evolution in the shape of both the shaft and the bushing for a 
simple two-dimensional system. A model of this was developed and 
findings published in a 2004 manuscript by Dickrell and Sawyer [6] 
where the acute angle alpha (ɑ) was predicted for systems in which both 
the shaft and the bushing were experiencing wear. Unfortunately, our 
experiments with polymers and metals consistently failed to capture this 
coupled evolution of contact pressure and shape for this simple two- 
dimensional bushing. Our experience was that either the shaft or the 
bushing would preferentially wear, even for self-mated materials, and 
we were unable to generate the predicted angled pattern. Recognizing 
the sketches in Codex Madrid I, and having worked with samples of 
wood when repeating Leonardo’s friction measurements, we suspected 
that the wear experiments might have been performed using a shaft of 
wood spinning in a hole that was cut into a block of wood (there is 
further evidence of this found on page 118 of the Codex Madrid I). 

Again, with the intent to reproduce and understand Leonardo’s ex-
periments and methods, we recreated the spinning shaft on a block (top) 
and the spinning shaft within a block (bottom) apparatus. Shafts made 
from olive wood were turned on a lathe to a diameter of 19 mm, blocks 
of olive wood were machined into rectangular specimens, and a hole was 
cut into the blocks such that there was a passable running fit between the 
shaft and the rudimentary bushing (see Fig. 2). The shaft was mounted 
horizontally, across a pair of aligned precision spindles through the hole 
in the block. The block was then mounted and loaded by hanging 
weights of different masses to a hook attached at the bottom. For each 
experiment, the rotating speed of the shaft and the dead-weight loading 

Fig. 1. Sketch of wear from Leonardo’s Codex Madrid I. The Italian and a rough 
translation are provided in Table 1. 

Table 1 
The text shown in Fig. 1 as provided by the e-Leo project and a rough translation 
(as interpreted by tribologists) on the right.  

Text Italian Tribologists translation 

top Per dare olio sotto la fronte de’ 
poli, quando sono carichi per lo 
diritto della lungheza. Ma migliore 
via e alzare detti poli, e mettere 
l’olio nella loro cava dove si 
posano, perche facciendo per via 
di busi, come di sopra si figura, tali 
busi presto saranno rienpiuti dal 
ferro (1) che ssi comsuma, misto 
coll’olio e polvere. 
(1) A ferro segue e oli cancellato 

A path to provide oil under the pole 
of the shaft that is loaded along its 
length. A better way is to raise the 
shaft and put the oil in the cavity 
where they rest, because the 
channels quickly become filled with 
iron debris mixed with oil; the iron 
collects and the oil is lost. 

bottom Buso consumato dal polo che vi si 
volta dentro 

I am consumed by the shaft that 
turns inside me.  
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was tuned to minimize thermal degradation of the samples while spin-
ning. The exciting result was that the self-mated wood samples always 
produced a tapered tear-drop shape similar to what was sketched in the 
Codex Madrid I. It was clear that higher speeds and heavier loads 
combined to create a larger ɑ (the acute angle of the tapered drop). It 
also appeared that the wear rates were a function of temperature (a 
thermal regulation of wear rate), and that under conditions where the 
shaft and the bushing showed thermal degradation, the cyclic re-entrant 
nature of locations on the surface of the shaft preferentially increased 
the wear on the shaft. The experiments stopped when the shafts broke 
under the applied load, and the shapes of the first 2 bushings (from left 
to right) in Fig. 2a have significantly larger acute angles than the one in 
Leonardo’s sketch, which suggests that his experiments had more closely 
matched wear rates on the shaft and bushing samples. 

Based on the model of coupled evolution of wear and shape in the 
simple bushing and shaft system, if the wear rate of the shaft and the 
bushing are the same, the acute angle (ɑ) of the worn-tear-drop shape of 
the bushing would be approximately 34◦. Analysis of the sketch from 
Leonardo’s notebook has an angle (ɑ) of approximately 20◦, which 
suggest that the shaft was actually about twice as wear resistant as the 
block. Interestingly, the model predicts that while the acute angle (ɑ) is 
only a function of the two wear rates (the shaft and the bushing) it is 
extremely sensitive to differences between these wear rates. To under-
stand differences in wear rate in our experiments, we selected olive 
wood from the same collections for the shaft and the bushing. Although 
the sketch in Leonardo’s notebook basically agrees with these experi-
ments, the illustration of the extremely small diameter shaft within the 
bushing is surprising. In our experiment that most closely matched 

Leonardo’s finding, we selected a shaft with a slightly more aligned 
grain structure along the longitudinal axis of the shaft and began with an 
80 N load that was steadily reduced to 30 N over the course of the ex-
periments. The speeds were maintained at roughly 120 rpm, and the 
final experiment took place from 4 September 2008 through 22 May 
2009 (260 days). The total sliding distance of this experiment is esti-
mated to be over 2 million meters, which gives a wear rate on the order 
of K = 1 × 10− 5 mm3/(Nm). For this experiment, the acute angle (ɑ) as 
shown in Fig. 2c is ~25◦, which is remarkably close to Leonardo’s sketch 
showing ~20◦. Similar to our findings when trying to reproduce Leo-
nardo’s friction experiments, Leonardo’s wear experiments are repro-
ducible, but take tremendous effort and patience. The experiments in 
wear that are mentioned in the Codex Madrid may have taken over a 
year to evolve into these beautiful shapes. It is yet another insight into 
Leonardo’s laboratory, a remarkably busy and eclectic environment; a 
laboratory in continuous motion – these were not quick experiments. 

When examining the mechanisms in the Codex Madrid I, a number of 
shafts and bushings have clear tapers and curves that almost certainly 
developed as a result of wear. The taper in the two-dimensional bushing 
and the curvature on the end of the shafts in the top inset are two ex-
amples of this. The dome shaped curvature shown in the blocks at the 
top of Fig. 1, will naturally develop when a self-mated pairing that 
initially had a flat-ended shaft is loaded along its axis against a flat 
surface. If the shaft has a much lower wear rate (more wear resistant), 
this system is essentially a drill, and the shaft will bore a hole into the 
substrate (Prof. Dowson discussed this in his text when discussing bow 
drills and ancient tools). Similar to the tear-drop shape that evolves for a 
mated shaft and bushing pairing, the dome shape will only develop 

Fig. 2. a) Experiments showing the evolution of wear 
in a simple 2-dimensional bushing made from olive 
wood. The block is ~6 mm thick with a shaft diam-
eter of ~19 mm. The load is applied vertically on the 
block using a hanging mass. The tear-drop shape de-
velops as both the shaft and the bushing wear. The 
rotation of the tear-drop shape is a result of friction 
within the bushing that rotates the freely hanging 
block to an equilibrium angle. b) The 260-day 
experiment showing the bushing and shaft after 
fracture. c) The acute angle (ɑ) measures 25◦ based 
on image analysis of the 260-day experiment.   
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under conditions where both surfaces have similar rates of wear. To 
demonstrate this, we took the same olive wood shafts from the bushing 
experiments and loaded them against a flat block of olive wood. As 
shown in Fig. 3, the curved shape quickly appears and is maintained as 
the shaft and block system continue to wear, with a steady recession of 
both the length of the shaft and the depth of the hole. Although pre-
sented here as an experiment in wear and evolution of shape, Leonardo’s 
writings about this experiment were actually regarding lubrication and 
management of debris. It is clear from his writings and the sketches that 
Leonardo was exploring oil delivery strategies. The study of lubrication 
and wear of the rotating plain bearing with the ports for lubrication 
(which failed) may provide additional opportunities for tribologists to 
explore and examine Leonardo’s studies in fluid lubrication. 

Dowson’s claim of Leonard da Vinci as a tribologist was certainly 
well-founded. Leonardo’s experiments with friction are well known and 
often discussed, as well as his designs of bearing, gears, and mecha-
nisms. Within Leonardo’s codices there are clearly numerous tribology 
discussions, models, and applications (the Codex Madrid I is full of ex-
amples). The studies on wear reported here have been largely over-
looked but are another beautiful example of the effort that Leonardo put 
into understanding tribology and the operation of moving mechanical 
assemblies. 
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