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Abstract 

The German cardinal Nicolaus Cusanus (1401- 1463) proposed the determination of the 
humidity of air using a balance loaded with wool. Several years later the Italian architect and 
painter Leo Battista Alberti ( 1404-- 1472) recommended a sponge as the absorbing material. 
From Leonardo da Vinci ( 1452~-1519) we have drawings of gravimetric hygrometers, 
equipped with either a sponge or cotton. 

Usmg an electromagnetic vacuum microbalance, we measured water vapour absorption 
and desorption isotherms in order to estimate whether these instruments could be used as 
hygrometers. Our investigations include measurements with human hair for comparison of 
the mass effect of the water absorption with the length variation, as used in de Saussure’s 
hair hygrometer. 

INTRODUCTION 

Hygrometers were described as early as the 15th century. These instru- 
ments that measure the humidity of the air consisted of balances loaded 
with a hygroscopic material. The aim of the present investigation was to 
discover whether only ideas were reported or whether the descriptions are 
based on practical experience. 

Sorption measurements using such gravimetric hygrometers result in the 
relative humidity. The amount sorbed m" (related to the sample mass m) 

plotted versus the relative humidity p/p0 gives isotherms which, over a wide 
range, are independent of temperature and, therefore, are suitable for 
climatic observations. Other prerequisites for a gravimetric hygrometer 
are that the adsorbed amount of water must be large enough with respect to 
the ratio of sensitivity to load of the balance; the isotherm is reproducible; 
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there is a definite curve with negligible hysteresis between absorption and 
desorption; and the response time is short in comparison with the periods of 
humidity variations in the air. 

Using an electromagnetic vacuum microbalance, we measured water 
vapour absorption and desorption isotherms at ambient temperature using 
a sponge, cotton, and wool as hygroscopic materials. The investigation also 
included measurements with human hair for comparison of the mass effect 
with the length variation, as applied in the hair hygrometer. 

HISTORICAL 

The 15th century marks the beginning of scientific investigations in the 
West. The systematic observation of climate using objective methods also 
started at that time. Several hygrometers were invented. The first description 
of hygrometers involved balances loaded with water-absorbing substances. 
Probably the very first to describe such an instrument was the German 
cardinal Nicolaus Cusanus ( 1401- 1463) [ 11. In his book published in 1450, 
“Idiota de Staticis Experimentis” which means “The non-professional con- 
ducts experiments with a balance” [2], he lets this amateur, probably his 
assistant, suppose: “If someone hangs dry wool on one side of a balance 
and loads the other side with stones until equilibrium is reached, at any 
place and in air of moderate temperature, it can be observed that with 
increasing humidity the weight of the wool increases, and with increasing 
dryness of the air it decreases. From these differences, it is possible to weigh 
the air and possibly one might perform weather forecasting.” 

About 20 years later, the Italian architect and painter Leon Battista 
Alberti ( 1404- 1472) recommended a balance with a sponge: “We know that 
a sponge becomes wet from the humidity of the air and using this fact we 
make a balance with which we weigh the weight of the air and the dryness 
of the winds” [3]. 

Leonardo da Vinci ( 1452- 15 19) made three drawings of gravimetric 
hygrometers [4], equipped with a sponge or cotton. One of these (Fig. 2) is 
found on a sheet of paper also showing sketches for the Last Supper (Fig. 
1) [5], which was painted between 1495 and 1497. The balance consists of a 
short rod suspended from a nail as an axis in its centre, loaded on one side 
with a sponge and on the other with a counterweight made of wax [6]. The 
use of wax as a counterweight is a good means of accounting for buoyancy 
effects. In mirror writing, he has written: “To detect the quality and density 
of the air and when it will rain”. Another sketch (Fig. 3) which is very 
similar, is loaded with cotton. The scale indicates that it would be an 
inclination balance, which might be very sensitive. A third instrument (Fig. 
4) shows a strange type of inclination balance, which would be very 
insensitive. Models of these instruments can be seen in the London Science 
Museum. 
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F %g. 1. Sheet f o paper with sketches by Leonardo da Vinci. 

It is not clear whether Leonardo’s drawings represent hasty sketches of 
apparatus he saw elsewhere or proposals of his own ideas and it seems 
somewhat doubtful whether he made experiments with such imperfect 
instruments [7, 81. 

More than two hundred years later, in the 17th and 18th centuries, the first 
accurate hygrometers were invented. A large variety of hygrometers based on 
very different principles were tested. Modifications of these principles are 
still used today [9, lo]. The only hygrometer of that time still in use is the 
hair hygrometer of Horace Benedict de Saussure (Fig. 5) [ 1 I]. This simple 
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Figs. 2-4. Sketches of hygrometers by Leonardo da Vinci. 

instrument consists of stretched, fat-free women’s hair connected via a roller 
to a pointer [ 121. 

EXPERIMENTAL 

We used an apparatus (Fig. 6) comprising an electromagnetic vacuum 
microbalance, as described by Gast [ 131, with a sensitivity of 1 pg and a 
maximum load of 25 g. The balance and the water thermostat are mounted 
in a thermostable case. We used, however, a room thermostat ( + 1 “C). The 
water vapour pressure was controlled by a volume of distilled, degassed 
water in a small bulb suspended in a Dewar vessel filled with a mixture of 
methanol and dry ice. The absorption measurements were made continu- 
ously with increasing temperature; the desorption measurements were 
recorded discontinuously [ 141. A vacuum was generated by means of an oil 
diffusion pump and measured using Pirani and ionization gauges. 

The wool sample (0.250 g) consisted of washed yellowish raw sheep wool, 
which was cleaned at 30°C in distilled water with detergent and rinsed with 
distilled water. In production, sponges are prepared by beating, bleaching, 
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Fig. 5. Hair hygrometer devised by de Saussure: 1, zero adjustment; 2, hair; 3, non-linear 
graduation in relative humidity; 4, roller with pointer; 5, pre-stressing weight. 

washing and possibly cooking in soda. Only the skeleton remains. The sponge 
used was a small cleaning sponge, 4.3 g in mass, with predominantly small 
pores and a few wide pores. Inspection under the magnifying glass showed 
mostly pores of about 1 mm in diameter. A sponge sample of 0.132 g was 
heated in distilled water and used as a sample. Chemically clean 100% cotton, 
according to Dr. von Bruns (Franz Kalff GmbH, D-5350 Euskirchen), has 
been treated in its production with 4% soda solution and washed. The sample 
(0.410 g) was used without any further cleaning process. The hair sample 
( 1.072 g) was obtained from a light-brown-haired woman (Head Hunters, 
Friedrichsdorf). It was degreased in the same way as the wool. 

RESULTS 

Using reference samples, nitrogen isotherms were recorded at 77 K [ 151. 
With regard to the detection limit of the arrangement, the specific surface area 
was below the detection limit of the apparatus, i.e. lower than 0.1 m2 gg’. 



130 E. Robens et aI.lThermochim. Acta 235 (1994) 125-133 

Fig. 6. Gravimetric apparatus: 1, Dewar vessel with methanol/dry ice; 2, bulb with water; 3, 
semiconductor thermometers; 4, valves; 5, electromagnetic balance; 6, balance tubes covered 
with metal stockings; 7, heat insulated case; 8, fan; 9, ionization vacuum gauge; 10, Pirani 
gauge; 11, oil diffusion pump; 12, rotary vane pump. 

All measurements on water isotherms (Figs. 7- 10) were started at high 
vacuum and at ambient temperature without pre-heating treatment. Despite 
the very different chemical structures of the materials, all the isotherms 
appeared to be reproducible. Reaching the zero point by pumping down 
after desorption proved that it was not necessary to use additional heating. 
The isotherms of sponge, wool and cotton wad show a pronounced hys- 
teresis between adsorption and desorption, covering the whole region be- 
tween saturation and the zero point [ 161. On decreasing the pressure during 
the adsorption process, the adsorbed mass remains constant until the 
desorption curve is reached. The same happens on increasing the pressure 
during the desorption process: the adsorbed amount remains constant until 
the adsorption curve is reached. At each measuring point, the time required 
to reach equilibrium was between a quarter of an hour and more than a 
day. The water isotherm on the sponge begins with a steep increase followed 
by a more flat rise, which is typical for hydrophilic materials. In contrast, 
cotton and wool show a nearly straight ascending slope and should, 
therefore, be more hydrophobic [ 171. 

Qualitatively, the sorption isotherms measured agree with those in the 
literature [ 18-201. Q uantitative differences are to be expected with this large 
variety of natural materials. 

Regarding the isotherms shown in Figs. 7-9, it is rather surprising to see 
that the isotherm of human hair (Fig. 10) results in a nearly straight line 
without noticeable hysteresis. 
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Figs. 7- 10. Experimental isotherms. 

DISCUSSION AND CONCLUSIONS 

To assess the sensitivity of Leonardo’s balances shown in Figs. 2 and 3, 
we applied the following data: mass of the beam M, 5 g; length of the beam 
21= 1 span, ~0.24 m; distance from centre of gravity/fulcrum H, 2 mm; 
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resolving deflection Ah, 2 mm; sample mass m, 5 g; resolution Am; factor 
(friction, etc.) k, 1. 

If the fulcrum and suspension points of the sample and counterweight are 
on one line and for small deflections, we can use the equation [21] 

Am HMAh 
-= 
m k12m 

and we obtain 3 x 10v4. This suggests that balances of the 15th century 
achieved a relative sensitivity of lop3 to 10e4. The balance shown in Fig. 4 is 
likely to be based on a bricklayer’s tiltometer. Because of its low centre of 
gravity, it would be very insensitive. 

Our measurements resulted in mass effects of sorption which could easily 
have been observed using sensitive balances of that period. In our experience, 
equilibrium values were reached in reasonable times when humidity values 
fell between 10% and 80%. All isotherms were reproducible. The hysteresis 
loops, though reproducible, could lead to serious problems when applied to 
the determination of humidity. Here, an exception is the isotherm of hair 
which shows no hysteresis. 

No mention of the choice and the pre-treatment of the samples has been 
found in the descriptions of the hygrometers. Treatment with 4% soda 
solution to make cotton absorbent was first applied during the French/ 
German war of 1870/71. The cotton used by Leonardo must have been much 
more hydrophobic. In control measurements, we did not find any significant 
influence on the isotherms resulting from contamination by fingerprints 
[22-241. 

In principle, the hygrometers described in 15th century literature could 
have been used, although hair would have been a much better material as 
absorbent. With respect to the sketches of Leonardo da Vinci, because of low 
sensitivity or instability, it seems unlikely that he realized those instruments. 

The measurement of mass changes is more reliable than measurement of 
length changes of the hair. The latter method, however, is much easier and 
cheaper, and is therefore used in all hair hygrometers. 
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