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1. INTRODUCTION
Microscopes characterize modern science. It is hard to find any instrument
that more immediately symbolizes laboratory research, and a microscope is
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featured as a logo for scientific societies the world over. The birth of the
microscope is an absorbing study, relating personal enthusiasms, rivalry,
opportunism, and technical skill to the demands both of the physics and
the technology of microscope manufacture. Experienced microscopists soon
discover that the instrument is uniquely amenable to being tweaked. If an
image is very slightly out of focus, for example, then phase disparity may
render an otherwise invisible structure visible. Precision is not the aim;
seeing what you need to see is the overriding consideration and personal
preferences defy the form of definition on which physics is founded.
Microscopy began as a hobby. During the Victorian era, an interest in
microscopy was a conventional pastime for large numbers of people; even
in the modern age there are some surviving clubs and societies that are
specifically aimed at part-time microscopists who regard the topic as an
enthusiasm. Only in ornithology and observational astronomy is there a
comparable level of encouragement of the amateur investigator.
In appraising the history of any branch of science, we view the topic from
a lofty vantage-point, heady in the knowledge that our hindsight gives us the
sense of continuity that we seek. That can be a mistake. Innovations that now
seem crucial may have been inconsequential, at the time, to the innovator. If
we are to gain a fuller understanding of the early development of the light
microscope, I believe that we can benefit by telling the tale backwards.
We shall start with the modern microscope, and move progressively
backwards in time towards the beginning. In this way we can see how
today’s instrument rests on foundations laid down in response to the
practical demands of previous generations of investigators. The microscope
can thus be conceived, not just as a means of magnification, but as
an instrument of increasing practicality. The convenient convention of
retrospection retreats into a clearer context, and the lens can be seen as just
one component in an instrument that has bequeathed to us our concept of
what we are, and how our world is comprised.
And so we will tell the story in reverse. History related backwards can do
much to set each stage of development into context.

2. SETTING THE SCENE
For well over a century physics has driven technological developments
in light microscopy. The continuing quest has been for bigger and better
pictures, for increasing magnification, pressing back the boundaries of
resolution so that ever-finer details can come within the compass of human
scrutiny. Taken by itself, that quest has been a mistake. It has nurtured a
reductionism that has led us to unravel so many of the details within living
cells, while largely ignoring how cells behave and what they can do. We
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have been seduced by molecular biology, which has done surprisingly little
to improve our lot; we have been captivated by genetics, even though the
hyperbole in which the topic is immersed has not been translated into the
practical benefits of which we were assured. Our new need should be for
the study of the cell as organism, and the impetus towards cell biology and
genetics is turning us away from these crucial topics. We need to observe
living cells, and not merely analyze their contents.
The obsession with elaborate instrumentation handicapped scientists
who too easily came to regard the limits of resolution as an uncrossable
frontier, somewhat like the sound barrier. This is proving not to be the
case. We can see objects that are not, in theory, amenable to resolution. It is
recognized that dark-ground light microscopy can take the observer below
the theoretical limits of resolution (Ford, 1970) and that sub-microscopic
luminous objects can be visualized, even if they cannot strictly be resolved
(Ford, 1968). Fluorescence microscopy now gives us an opportunity
to generate identifiable self-luminous components within cells, and the
potentiation of confocal microscopy through stimulated emission depletion
and photo-switching microscopy now allows us to attain a resolution better
than 100 nm (Punge et al., 2008).
The computer is the core to these techniques. In confocal laser scanning
microscopy, a beam of laser illumination is focused into a minute, diffractionlimited focal spot within a fluorescent specimen. A beam splitter separates
the reflected laser light from the fluorescent light emitted by the specimen,
and passes the fluorescent light into a photomultiplier detection device so
that it can be recorded by a computer. All the light that does not originate
from the focal point is suppressed, and the scanning of the laser beam
across the specimen allows an image to be constructed pixel by pixel, and
then line by line; so that far greater resolution is thus obtained than a
conventional light microscope can offer. Although the process is complex,
there are advantages since little specimen preparation is necessary and
three-dimensional images can be constructed. Apart from the addition of
the fluorescent dye, which is in very low concentrations, the technique is
essentially noninvasive.
Magnetic resonance force microscopy now gives us resolutions down to
≈4 nm and this burgeoning discipline has been fittingly set into context by
a paper by Sidles (2009). This reminds us of the early ideas of John von
Neumann dating from 1948. These techniques can give an improvement in
resolution of 100 million times better than conventional magnetic resonance
imaging (MRI) (Degen, Poggio, Mamin, Rettner, & Rugar, 2009). Other
techniques of increasing resolution include near-field scanning optical
microscopy, which provides enormously increased resolution by placing the
detector very close (λ) to the specimen and scanning it across the surface.
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This gives very high spatial and spectral resolution that is related to the
dimensions of the detector’s aperture, rather than to the wavelength of the
illuminating beam. In techniques like these, we are witnessing new thinking
brought to microscopy from other areas of science and technology. These
revolutionary approaches are demonstrating how optical microscopy can
reach far beyond the long-accepted limits of resolution (Hell, 2003) and they
are shattering beliefs held for more than a hundred years (Hell & Schönle,
2008).
Of course, these novel instruments are far removed from traditional
microscopes. Objectives of increasingly high specifications are still being
developed, however—but not for use by microscopists. These ultimate lenses
are made up of as many as 14 separate components with meticulously
designed aspheric contours. They are used by the major microchip
manufacturers to create ultra-sharp images of the details of which the
circuitry is comprised. Current chips measure 24 × 32 mm, and today’s
production processes are aiming to print 50-nm features. To do this, a muchreduced image of the template is projected onto the substrate and the chips
are then built up by photolithography. This is microscopy backwards, where
the object (the template) is large and the image greatly reduced, and has led
to the development of large-field diffraction limited camera systems using
extreme ultraviolet. This is the ultimate refinement of objective design and
each lens is rumored to cost as much as $ 20,000.
How curious it is that the best optical microscopes of our era do not
look like microscopes at all, and require a computer to drive them; whereas
the highest-specification objective lenses are not used by microscopists. It is
now timely for us to retrace our steps back to the age when the design of
microscope lenses was scientifically established for the first time.

3. TRADITIONAL LIMITS OF LIGHT MICROSCOPY
It was the pioneering work of Ernst Abbe in the 1870s (Abbe, 1873)
that laid the groundwork for our understanding of the limits of optical
microscopy (Brocksh, 2005). He demonstrated that diffraction causes a light
wave, when focused through an [objective] lens, to form a spot of light. The
wavelength of light exerts constraints upon this spot, which must therefore
be approximately 200 nm in diameter. The spot exists in three dimensions,
however, and not just two; as its diameter is 200 nm, it is some 500 nm
in length. It is the construction of an objective lens and the nature of light
which determine these dimensions, and it had not been envisaged that such
constraints would ever be overthrown.
Matters were dramatically changed when Stefan Hell at Göttingen
revisited Abbe’s work and reworked the theory. Hell recognized that, no
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matter how large the aperture of a conventional lens, it can capture only
a segment of a spherical wavelength from one direction. However, if one
could utilize a fully spherical wavelength of solid angle 4π , then the spot
could become a small sphere, rather than an elongated micro-pool of light.
This 4π microscope (conventionally written as 4Pi) reduces the length of the
axis of the light spot and offers a better than fourfold increase in resolution
for an optical microscope (Schrader, Hell, & vanderVoort, 1998).
Much enthusiasm has focused on electron microscopy. Nobody can doubt
the spectacular insight than these instruments offer us, though these are
essentially restricted to the examination of cells that are dead. Electron
microscopes do not offer us insights into living cells, and it is the sociology,
the responses, and the behavior of cells that I believe we are ignoring at our
peril. These pose us the timeliest problems. Attempting to elicit what living
cells do—using electron micrographs—is as fruitless as trying to deduce the
behavior and social structure of hens by looking at a hard-boiled egg. We
need to recognize, in an era dominated by molecular biology and genetics,
that light microscopy is being too widely ignored. Tomorrow’s bioscientists
need to become familiar with how cells behave, rather than how they are
comprised; and only the light microscope offers us this opportunity.

3.1. Questions of Image Quality
Light microscopy cut its teeth in biology, and the clarity of the image
has long preoccupied light microscopists. Prior to Abbe’s theoretical work
on resolution, the greatest improvement in image quality had been the
introduction of the achromatic microscope objective in which spherical
aberration was reduced. The pioneering work on achromatism was done for
telescopes, rather than microscopes; the inventor was Chester Moore Hall
(1703–1771) of London, who recognized that the answer to chromatism lay
in the utilization of lenses of disparate refractive indices. In 1729 he found
that crown and flint glass gave him the results he sought, and by 1733
he had produced several refracting telescopes with apertures up to 65 mm
(Court & von Rohr, 1929). Perversely, when the Royal Society awarded its
prestigious Copley Medal for the invention in 1758, it went to John Dollond
(1706–1761). Dollond was a silk-weaver and an autodidact who went on to
produce beautifully engineered single-lens microscopes, and his work on
achromatism had been done was independently of Hall, his predecessor and
the true innovator.
An achromatic microscope objective with a focal length of 25 mm was
manufactured as early as 1807 by Harmanus van Deijl of Amsterdam
(Lovell, 1967) but much of the impetus came from Joseph Jackson Lister
(1786–1869) (Hodgkin & Lister, 1827), whose son Joseph Lister (1827–1912),

32

Brian J. Ford

went on to introduce aseptic practices to British hospitals. The 1827 paper by
Goring (Goring, 1827) established the groundwork for this crucial aspect of
microscopy to which Lister returned with a definitive paper in 1830 (Lister,
1830). Lister (the elder) not only foresaw that combinations of lenses
of differing refractive indices could minimize chromatic aberration, but
further showed that spherical aberration could be minimized by the correct
separation of the components of a compound lens.
Such was the state of the art that parallel developments were under way
in France, where Vincent Chevalier (1771–1841) had been experimenting
with the manufacture of achromatic doublets in 1824 (Hughes, 1855; Nuttall,
1971). His son, Charles Chevalier (1804–1859), continued work on the
development of the light microscope after his father’s demise. This assault
on the problem of achromatism was prolonged. One early experimenter
with lenses of disparate refractive indices was Giovanni Battista Amici
(1786–1863), who attempted to produce an achromatic system in 1827,
concluded that the problem was insoluble, and concentrated instead on
reflecting microscopes for the following 20 years (Optical Microscopy
Division, 2008) before returning to refracting instruments. Progress in
England continued apace, however, and by the middle of the nineteenth
century, achromatic objective lenses were becoming widely accepted.
However, many of the fundamental discoveries had been made before
these fine lenses were available. Cells and nuclei, fungi and bacteria, crystals
and pollen grains had all been studied with simpler microscopes—many of
them with optics that an optical theorist would regard as not up to the job.
Most high-power observations prior to the middle nineteenth century were
made with single lenses little bigger than the head of a pin.

3.2. Foundation of Optical Physics
Theoretical optics is a branch of physics that has a more ancient lineage than
you might expect. We are familiar with Snell’s law, which relates the path
of a beam of light to the refractive effects of passing from one medium to
another. Refraction is due to the change in velocity that light undergoes when
it passes from an optically less-dense medium (like air) to one of greater
density (such as glass). The law was coined in 1621 by Willebrord Snel van
Royen (1580–1626) of Leiden, who became known as Snellius. He determined
the direction of light rays through refractive media with varying indices of
refraction:
η1 sin θ1 = η2 sin θ2 ,

where η is refractive index.
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The ray path is delineated in the following diagram.

air

θ1

index = η1
index = η2
glass
θ2

The mathematical expression is attributed to Snell, though his own spelling
of his family name was Snel, and his theories were not published in his
lifetime. In France, Anglophone physicists are rarely surprised to learn, it is
known as Descartes’ law. Yet the refraction of light by glass lenses had been
similarly explored centuries earlier, for the first description of the principle
known to us was in the year 984, when it was published by the Persian
philosopher, Ibn Sahl of Baghdad (Figure 1) in his celebrated manuscript “On
Burning Mirrors and Lenses” (Wolf, 1995).

3.3. Single-Lens Microscopes
It has been widely accepted that achromatic lenses were crucial in the
furtherance of serious microscopical observations. Single lens microscopes,
known in the trade as simple microscopes, have been condemned as
too primitive for serious investigation. The images produced have been
widely dismissed as being “indistinct and often surrounded by color
fringes” (Bradbury, 1968). Yet there is precious little evidence on which we
can base such judgments; none of those who make allegations of low image
quality have used the microscopes. Images of objects seen through these
early instruments are missing from all the major textbooks and are rarely
found even in the scientific literature. A search through Google images for
“simple microscope” micrograph or “single lens microscope” micrograph produces
only about 50 images from the whole world, all but a few of them being
irrelevant.
We are faced with an extraordinary proposition: The results of an entire
branch of investigation—single-lens microscopy—have been condemned
without a scrap of empirical evidence on which to base the conclusion.
Pioneering users of compound microscopes quickly discovered that lenses
amplify aberrations more than they magnify images. Lenses in a coaxial
array can produce a heavily chromatic image. A single lens, however, is
less prone to problems. It is plainly true that a single spherical surface
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FIGURE 1 Laws of Refraction from the ancient world. The foundations of optical physics
were laid down more than 1000 years ago. The Arabian mathematician and philosopher, Abu
Sa’d al-’Ala’ ibn Sahl, popularly known as Ibn Sahl (c. 940–1000), published on the laws of
refraction in Baghdad in 984, even earlier than the better-known Alhazen of Basra. In Ibn
Sahl’s manuscript, On Burning Mirrors and Lenses, the internal hypotenuse of the
right-angled triangle shows the path of the incident ray, while the outer hypotenuse shows an
extension of the path of the refracted ray if the incident ray intersects a crystal whose face is
vertical at the point where the two intersect. The calculations by [Rashed, R (1950) Isis 81
464–491] show that the ratio of the length of the smaller hypotenuse to the larger is the
reciprocal of the refractive index of the crystal.

lens must—by definition—produce an image that shows both chromatic
and spherical aberration; but what matters more is the practical fact of
whether the aberrations interfere with the observations. As a rule, the answer
is no. Simple microscopes are small and inexpensive and can produce
images that compare surprisingly well with those obtained with presentday instruments. Many of today’s microscopists do not know how best to
use their instruments, and the worst examples of chromatic aberration I
have ever encountered all come from generously funded and well-equipped
modern research laboratories. Simple microscopes from several centuries ago
can perform better than a modern instrument in unskilled hands.
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Simple microscopes were valued long after the achromatic compound
microscope had become available. Charles Darwin (1809–1882) was an
enthusiast for these uncomplicated instruments and, even in 1848, he was
still recommending the use of a pocket simple microscope. In a letter to
Richard Owen in March that year he wrote: “I daresay what I am going
to write will be absolutely superfluous, but I have derived such infinitely
great advantage from my new simple microscope in comparison with the
one, which I used on board the Beagle & which was recommended to me
by R. Brown, that I cannot forego the mere chance of advantage of urging
this on you”.1 At about that time, the London firm of instrument makers
Smith and Beck were advertising “Darwin’s Simple Microscope” at £10. Yet
brass compound microscopes with achromatic lenses were already becoming
widely available at the time.

3.4. Microscope Design
The practical advantages of the single lens, simple microscopes were evident.
They were inexpensive. Almost anyone could use them. There was little to
keep clean, and maintenance was a relatively easy affair. They were small,
and the hardwood box into which they were packed away could fit easily
into a coat pocket. The physics of magnification, however, remained a closed
book. The topic had advanced relatively little since the time of Snell and
Descartes (p33). The quality of the lens was a subtle blend of chance and
guesswork, yet the optical results they gave were more than sufficient for
routine microscopical observations and the effect of aberrations were slight.
The principal disadvantage was that the simple microscopes were small and
were uncomfortable to use. The observer, having to set up the instrument
on a desk, had to bend low to make observations. This was the main
difficulty with the early simple microscopes—a lack of anthropometrics. Put
simply, they did not comfortably fit the user. This anthropometric principal
underpinned the design of the grand bench microscopes—not only the great
brass instruments of the Victorian era, but also of the microscopes of the
mid-seventeenth century used by pioneers like Robert Hooke (1635–1703)
(Figure 2).
Not all microscopes have the same optical tube length. The English
standard ratified by the Royal Microscopical Society was set at 10 inches
(∼250 mm) while Continental manufacturers opted for 160 mm. Lens systems
in compound microscopes are typically corrected for tube length specified
by the instrument maker. Yet, no matter what the tube length, compound
microscopes are all roughly the same size, standing some 400 mm tall.
The reason lies in the way we sit, the dimensions of our furniture, and
the proportions of the human body. The height of 400 mm fills in the

1 Darwin C (1848) letter #1166 to Richard Owen dated 26 March, Darwin Project at Cambridge University.
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FIGURE 2 Robert Hooke’s compound microscope manufactured in London. Christopher
Cock was the London instrument maker who produced the microscope that Robert Hooke
illustrated in Micrographia. With a body made of turned wood, and covered with tooled
leather, this instrument was fitted with three lenses. Hooke states in his book that he
removed one of them and used just two lenses in his microscope for high-power work. A
sagittal section to show the concept is published here as Figure 4. Yet this is disingenuous– as
we shall see, the fine details he published could not thus be observed. Hooke was clearly
enamored of his ‘‘great microscope,’’ as he called it, and simply declined to admit that he had
made his crucial observations with nothing more than a tiny hand-made lens. Practical
experiment, rather than theoretical physics, has substantiated the answer.

space between a comfortable bench top and the level of the observer’s eyes.
In truth, the design of bench microscopes is founded on anthropometric
principles and not those of physics.
Today’s bench microscope has clear and recognizable components. There
is a vertical main body component and a horizontal limb that holds
the lens assembly firmly in position. Many early microscopes lacked this
kind of solidity. Some, like the instrument designed by William Withering
(1741–1799), were made of wood. Others, like the screw-barrel microscope
perfected by James Wilson (1665–1730) took the form of a cylinder into
which the object could be inserted through slots on either side (Figure 3).
Others had the microscope body and the lenses mounted in a tripod, a
design popularized by the younger Edmund Culpeper (1670–1738). These
were all fine designs in their way and have been comprehensively discussed
elsewhere (Clay & Court, 1932) but none of them can be viewed as of a design
that is ancestral to today’s microscope.
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FIGURE 3 The Wilson screw-barrel microscope of the eighteenth century. Small pocket
microscopes of this sort were popularized by James Wilson. [This woodcut is from Disney, A.
N., Hill, C. F., and Watson Baker, W. E. (1928). ‘‘Origin and Development of the Microscope.’’
Royal Microscopical Society, London, p. 174.] The lens and the specimen holders were fitted
into a cylinder of metal. The sliders were held between springs, and the lens holder could be
rotated to bring the object into focus. This design was mentioned by earlier workers,
including Bonanni (1681), Campani (1686), and Hartsoeker (1694), who refined the focusing
system. Wilson’s design became the best known, and the microscope was at its height of
popularity in 1740, after Wilson’s demise. The compressing effects of the specimen holder
made it impossible to examine delicate living organisms–like Hydra–and this gave Ellis the
impetus to design a microscope with an open stage (see Figures 20 and 22).

3.5. From Simple to Achromatic Microscopes
The simple microscope used by Charles Darwin and his contemporaries,
however, does point the way. It boasted a strong, vertical supporting limb
mounted on a firm base, and at right-angles to it, there was an arm that
held the magnifiers. In terms of design, this was the forebear of the optical
microscopes we see today.
Charles Darwin’s microscopes were of several types (Burnett & Martin,
1992) and his later instruments made the leap from the simple, portable
design to the heavy, elaborate, achromatic microscope that was to become
so popular in the second half of the nineteenth century. Among the other
workers whose active careers spanned the time when the simple microscope
was being superseded by compound microscopes were George Bentham
(1800–1884) and Sir Joseph Dalton Hooker (1817–1911). We have seen that
Darwin recommended a simple microscope as late as 1848, and even as late
as 1860 he was writing to Daniel Oliver saying:
Put a [growing Drosera rotundifolia] leaf under a simple microscope and
observe whether the sensitive hairs are uniformly covered.2
2 Darwin C (1860) letter #2949 to Daniel Oliver dated 14 October, Darwin Project at Cambridge University.
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FIGURE 4 Bancks’ design of simple microscope. The father and son firm of Bancks of
London manufactured fine single-lens (=simple) botanical microscopes in the 1820s used by
such luminaries as Robert Brown, Charles Darwin, and William Jackson Hooker. The design
above was the microscope of George Bentham, a leading exponent of nineteenth-century
systematic botany. It is made from brass with ground soda-glass lenses magnifying up to
170× and is stored within the mahogany box that serves as a stand when the instrument is in
use. Noteworthy are the two-sided mirror (one side plane, the other concave) and the
substage condenser lens. The image quality of these uncorrected microscopes is higher than
the accounts in the standard textbooks would allow one to anticipate (see Figure 21).

And, even later, in 1864 he wrote to Asa Gray as follows (Darwin, 1864):
I will enclose some specimens, and if you think it worthwhile, you can
put them under the simple microscope.
In his celebrated Outlines of Botany, Bentham (Figure 4) wrote (Bentham,
1877):
At home it is more convenient to have a mounted lens or simple
microscope, with a stage holding a glass plate, upon which the flowers
may be laid; and a pair of dissectors, one of which should be narrow
and pointed, or a mere point, like a thick needle, in a handle; the
other should have a pointed blade, with a sharp edge, to make clean
sections across the ovary. A compound microscope is rarely necessary,
except in cryptogamic botany and vegetable anatomy. For the simple
microscope, lenses of 14 , 12 , 1 and 12 inches focus are sufficient.
For most scientists it is a revelation to recognize that the single-lens microscope remained so popular long after the era of achromatic microscopes
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had already dawned. It is certainly true that our current view of the
microscopical nature of life was derived from the endeavors of pioneering
microscopists in the chromatic era, just as the consolidation of what we
might call the received view of the understanding of life was clearly due
to achromatic, compound microscopes, the design of which was more firmly
founded on the principles of optical physics.

4. ORIGINS OF THE CELL THEORY
Cells were revealed by a simple microscope, and the ubiquity of cell division
was established by the Polish microscopist Robert Remak (1815–1865) in
Berlin in 1841 (Remak, 1852, 1855). This crucial phenomenon was further
investigated by many others in the 1850s. Remak made serious strides in
our understanding of the role of the cell. Karl Ernst von Baer had held
that there were four germ layers in the embryo, for example, and it was
Remak who recognized that there were just three: ectoderm, mesoderm and
endoderm. Already, by the middle of the nineteenth century, the scientific
understanding of how life works was entering the era which we would
recognize today.
Globular theories, precursors to the cell theory, were quite popular at the
beginning of the nineteenth century and suggested that living matter was
ultimately composed of small globules. The diffraction effects of observing
small structures with a restricted cone of illumination cause particulates to
have a “globular” appearance, and fringes that can appear when a single lens
is used slightly out of focus can convey a similar impression. Many workers,
as the understanding of microscopes improved, accurately described various
cell types and structures (including the nucleus and cytoplasmic streaming
observed by Brown) but the idea that cells were the universal units is
associated with Schleiden in 1838 and Schwann in 1839 (Figure 5). This
work, however, followed on the heels of major discoveries made by simple
microscopes that gave the impetus to cause Rudolf Virchow, in 1855, to
exclaim: “All living cells arise from pre-existing cells” (omnis cellula e celulla)
which became known as the biogenic law.
The two colleagues, Matthias Jacob Schleiden (1804–1881) and Theodor
Schwann (1810–1882), laid down the basis of the cell theory, recognizing that
living organisms were essentially composed of cells (Figure 6). The view
was first propounded in 1838 by Matthias Schleiden, whose studies with
simple microscopes led him to the revelation that plants are made up of
cells (Schleiden, 1838). Legend has it that Schleiden was drinking coffee after
dinner together with Theodor Schwann when the two microscopists found
that their findings in plant and animal microscopy had much in common.
They adjourned to Schwann’s laboratory so that Schleiden could observe the
structures Schwann had described, and from this the cell theory emerged.
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FIGURE 5 Cellular structure depicted by Schwann. Schwann published these diagrams of
cell structure in 1839. They belie the relatively unsophisticated microscopes then available.
Theodor Schwann (1810–1882) was a Professor at the Universities of Louvain and Liège. His
coinage of the cell theory, jointly with Schleiden, brought him Fellowship of the Royal
Society and Membership of the French Academy of Science. He received the Copley Medal
in 1845. These diagrams of cells appear in his book, ‘‘Mikroskopische Untersuchungen ber die
Übereinstimmung in der Struktur und dem Wachsthum der Thiere und Pflanzen’’ [(1839)
Berlin: Sanderschen Buchhandlung (G. E. Reimer)]. The first section of the book is devoted to
the structure and development of the spinal cord, and contains an exposition that cells are
the basis of all animal tissues. The second part contains sections on the ovum, the cellular
structure of other tissues, and a defense of the cell theory.

The next year, Theodor Schwann published his view that all animals are
composed of cells too (Matile, 1998), though he mistakenly thought that cells
could form de novo. Schleiden had an extraordinary introduction to the life
sciences (Nordenskiöld, 1928) for he began adult life as a barrister. Born
in Hamburg, the son of a doctor, he studied jurisprudence and became a
Doctor of Law. He was not good at it, and became known as an unsuccessful
advocate which depressed him to the extent that he decided to end his
melancholy and shot himself in the head. He was no better at suicide
than practicing the law, for he survived the attempt and was left with a
wound to the forehead that soon healed. He turned to the natural sciences,
gained doctorates both in medicine and philosophy, and ended his career as
Professor of Botany at Jena.
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FIGURE 6 The microscope and the cell theory. Clear drawings of cells appear in the book,
‘‘Microscopical Researches into the Accordance in the Structure and Growth of Animals and
Plants’’ [(1843) London: Sydenham Society, jointly written by Theodor Schwann and Matthias
Schleiden]. The tissues depicted in Figures 1–10 here are from the tropical palm,
Chamaedorea. Figure 1 is captioned ‘‘cellular tissue from the embryo sac.’’ Many of the
diagrams are remarkably accurate. Note, for example, Figure 16—‘‘the embryonal end of the
pollen tube from the ovulum of Orchis mori’’ (the green-winged orchid)—which is typical of
the high standards of observational accuracy in this book. Schwann’s understanding of the
origin of cells was very wide of the mark, however, for they were envisaged as arising,
somewhat like a process of crystallization, de novo. Thus Figures 4 and 5 are incorrectly
claimed to show a cytoblast ‘‘with the cell forming upon it.’’.
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Although the cell theory (Wolpert, 1995) is synonymous with the names
of Schleiden and Schwann (Schwann, 1839),3 these two investigators were
not the first to light upon the essential concepts. Ludolph Christian
Treviranus (1779–1864) published on the internal structure of vascular
plants (Treviranus, 1806) and clearly recognized that the tissues were
divided into discrete cells. He was closely followed by Johann Jacob
Paul Moldenhawer (1766–1827), who held the position of außerordentlicher
Professor für Botanik und Obstbau (Extraordinary Professor of Botany and
Fruit Trees) at Keil, and whose great work revealed much of the microscopic
nature of vascular tissues in plants (Moldenhawer, 1812). Moldenhawer
demonstrated the true nature of stomata (surrounded by two guard cells,
rather than being a single cell with an opening) and parenchyma. He is also
the investigator who first recognized the meaning of annular rings in the
trunks of trees. All his work was done with simple microscopes, the physics
of which was at the time an unfathomed science.
The simple microscope was used by the French autodidact Félix Dujardin
(1801–1860) in his studies of living cells, leading him in 1835 to the
recognition in all such cells of what became known as protoplasm (Matile,
1998). This was not the first observation of cytoplasm in action. Fine
cytoplasmic strands within living cells had already been identified and
studied by the Scottish physician and botanist, Robert Brown (1773–1858),
in his studies of the Virginia spiderwort (Tradescantia virginiana) in 1828
(Figure 7). While Brown was examining the flowering structures of this
attractive plant with his simple microscope, he studied the large purple cells
that make up the staminal hairs that are a feature of each flower. Running
across the vacuole that comprises the bulk of each cell, Brown perceived fine
strands of cytoplasm in which the flow of the semi-viscous fluid could clearly
be seen. Brown spent much time observing this fascinating phenomenon,
though one cannot tell what he made of it. He teased Charles Darwin about
it. When Brown first showed the phenomenon to an astonished Darwin,
Brown would only describe the phenomenon as “my little secret!” (Ford,
1992a). Cytoplasmic streaming is now known to be widespread in cells and is
a principal means of translocating nutriments and waste components within
living cells (Shimmen & Yokota, 2004).

4.1. Robert Brown’s Key Observations
Robert Brown also used his simple microscope to elicit the occurrence of the
nucleus within living cells. At the time, he was studying orchid tissues and
noted what he described as a circular “areola” within each cell, adding that
he recalled having observed the same structure within other plant tissues
that he had studied. Perhaps, Brown mused, this structure might better be
3 This early writing is discussed in a 2007 article by Pierre Clment, ”Introducing the cell concept by both
animal and plant cells: a historical and didactic approach,” published in Science and Education, 16, 423–440.
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FIGURE 7 Dark-ground microscopy in the Georgian era. One form of image intensification
available to the early microscopists was dark-ground microscopy. If the illuminating beam is
set off-axis, it is possible to illuminate the specimen brightly while the background of the
field of view remains dark. The technique is often referred to inaccurately as ‘‘darkfield’’ (but
it the background that is dark, and not the field). This method is infrequently used by modern
microscopists but offers high-contrast images of tenuous or nearly invisible structures. Here
we see the staminal hairs of Tradescantia virginiana using the No. 3 lens of Robert Brown’s
microscope. These structures were first studied by Robert Brown in 1828. One large
rectangular cell (its rounded nucleus clearly visible near the center) can be seen across the
top center of this image.

called a “nucleus” (King, 1827). It was this revelation in 1827 that gave
us a concept that is of fundamental importance in the modern era of the
biosciences.
Brown is best remembered for his descriptions of Brownian motion, a
concept of importance in theoretical physics. This is the ceaseless random
movement of minute particles suspended in a fluid, and related to the
molecular bombardment that the particles experience in the suspending
medium. Since he made his observations in 1827, they have since been
incorrectly recorded in the annals of science. Typical of these summaries is
this entry from the Einstein Year website (Institute of Physics, 2009):
In 1827 the biologist Robert Brown noticed that if you looked at pollen
grains in water through a microscope, the pollen jiggles about. He
called this jiggling “Brownian motion”, but Brown could not work out
what was causing it.
Even in such a short account there are two mistakes, one minor, and the other
an error of fundamental physics. Of minor importance is the fact that Brown
gave the phenomenon no such name, which would have been immodest
in the extreme. He spoke of “active molecules”. It was not until the topic
was being given extensive historical analysis, following the explanations of
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Albert Einstein (1879–1955), that it was resolved to name the phenomenon
after Brown.
The erroneous origin of the term by which we describe this phenomenon
pales into insignificance alongside the far more serious misunderstanding
of the nature of the phenomenon. Most reference sources claim that Brown
observed the ceaseless movement of Clarkia pulchella (pinkfairies) pollen
grains, but this is not the case. Brown saw no such thing. The physics of
Brownian motion applies to particles orders of magnitude smaller. As Brown
himself makes plain in his account he was observing the movement of
minute particles within the pollen grains (Brown, 1827).4 The best known
early examination of Brownian motion was by the distinguished physicist
Louis Perrin (1870–1942) who published his paper on the topic as a book in
1910 (see Perrin, 1909).

4.2. A Failure to Understand
It is deceptively easy to trace back this train of events and see the emergence
of a logical sequence. Science rarely works like that. Much of Brown’s work
has been widely misrepresented and denigrated over the past 100 years, and
the insistence that he was observing the motion of pollen grains, rather than
particles within them, is just one example of many.
The type of microscope that Robert Brown used belongs to the category
known as botanical microscopes, designed for the new breed of botanists
who were exploring the newly discovered territories and penetrating their
microscopical structure through the power of the lens. But because they bore
just a single lens, this fact was used to down-play his research and throw
doubt upon his methods. We can see this prejudice in 1922 when the Linnean
Society of London was presented with a microscope of Robert Brown. It came
with a neatly handwritten letter that read as follows:
Amberley, Reigate
Jan 19 1922
Dear Sir,
By the kindness of Mr Salmon, I have much pleasure in offering
Mr Brown’s microscope to the Linnean Society if they care to accept it.
Its credentials are in the box with it. At the sale of Mr Bell of Selbourne’s
effects, it was bought by my father & so its history since the original
owner is accounted for.
Yours faithfully
Ida M. Silver (Miss)
4 After a private printing in 1827, this was published in 1828 as “A brief account of microscopical
observations, and on the general existence of active molecules in organic and inorganic bodies” in The
Philosophical Magazine 4, 161–173; and in 1829 as “Additional remarks on active molecules” in The
Philosophical Magazine, 6, 161–166
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This was a microscope of great historical importance. It had been
bequeathed by John Bennett (who had been Brown’s assistant from 1827
until he died in 1858) to Thomas Bell, surgeon and naturalist, who served as
President of the Linnean Society from 1853 to 1861. Although Bell published
much pioneering work in dentistry, he was an expert amateur naturalist and
published a History of British Quadrupeds. He died at Selbourne in 1880 and
the little microscope had been purchased during the house sale, from whence
it passed to Miss Silver (Ford, 1985).
At that time, the Linnean Society was planning to celebrate the centenary
of the first paper on the cell nucleus, and one would imagine that the
timely arrival of the microscope would have been greeted with enthusiasm.
It was not to be. Doubt was expressed as to whether Brown could
ever have resolved so small a structure as a nucleus with such an
unsophisticated instrument (see Report, 1932). When the microscope was
examined by experts, it was dismissed as “surprisingly simple, being
little more than a dissecting-microscope.” The instrument remained in the
Society’s possession as a neglected curiosity. In 1951 the organizers of the
Festival of Britain approached the Linnean Society and invited them to put
the historic microscope on display. The request was refused: the microscope
wasn’t worth it. In the early 1970s the Honorary Secretary of the Society,
Mr. T. O’Grady, and one of the Fellows, W. A. S. Burnett, examined the
microscope and Burnett took a photograph of it. One of the few microscopists
who examined it was Professor Irene Manton, and her technicians even
managed to take a photograph of onion epidermis through the microscope.
Manton, in her George Bidder Lecture at Leeds University in 1974, stated
that “its condition... is not very good since minor repairs are needed”.
She was certainly right, for when I took on the challenge of restoring
the microscope it was dirty, bent, and neglected; it was even wrongly
assembled with parts jammed together. Reassembly of the microscope was
a challenging procedure (Ford, 1982, 1984) and it allowed me to see how
the instrument had been constructed. Once the superficial dirt was removed,
one could once again perceive a discolored area of wear, where Brown’s
forefinger had rubbed continually against the body pillar as he focused the
instrument. Meticulous cleaning of the lenses restored them to their original
condition, and photomicrography confirmed just how much single lenses
can reveal. The detail revealed by the lenses from the Brown microscope
proves to be sufficient for normal light microscopy, and the ease with which
it packs away into its hardwood box makes it into an ingenious and compact
instrument.

4.3. States of Denial
Even the most basic application of optical physics confirms that single lenses
could theoretically resolve bacteria. Yet each generation has been dominated
by detractors who claim that the simple microscope was not, and could
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never have been, up to the task. There is a continuing unwillingness to
accept that our predecessors, with their unsophisticated instruments and
limited understanding, could in any sense rival our grand and enlightened
era of contemporary science. We have seen that the Brown microscope was
dismissed as a mere dissecting instrument when it was presented to the
Linnean Society. There should have been no reason to doubt—even if nobody
then knew how to use it properly—that some degree of cell structure would
have been visible with it. The staminal hairs of the spiderwort Tradescantia
virginiana are even visible to the naked eye and there can be no doubt
that a modest microscope would have reasonable value as an instrument of
scrutiny.
It proved to be more difficult for today’s scientists to accept that Brown
could have witnessed the movement that now bears his name. The particles
that are witnessed by the microscopist in Brownian motion are mere
microns in diameter, and resolving those with a home-made lens is a
considerable achievement. In a short publication for the American Physical
Society in 1991, Daniel Deutsch of Pasadena, California, argued that Brown’s
microscope could not have been up to the task. The title of Deutsch’s
submission was admirably descriptive, sufficiently so as to obviate the
need to read further; it was “Did Robert Brown observe Brownian motion:
probably not” (Deutsch, 1991).
The timing was good, as I was booked to give my annual lecture
to the Inter/Micro conference organized by the McCrone Research
Institute in Chicago, Illinois. I had recently obtained video recordings
of the phenomenon of Brownian motion viewed through his original
microscope from the Linnean Society, and rushed to produce an illustrated
presentation that would put Deutsch, and the other detractors, to rights.
The demonstration was given in Chicago and provoked much international
interest. A paper based on the lecture was published that same year (Ford,
1992b) and another for the Institute of Biology in London appeared shortly
afterwards (Ford, 1992c). As interest in the topic continued to grow, the
controversy was discussed in New Scientist magazine (Bown, 1992) and
elsewhere.
It was intriguing to see this attempt to deny Brown the right to
his discovery published in an American physics journal. This underlies
a common problem in experimental microscopy. The individuals who
produced the simple microscopes used by those pioneers were not burdened
by the constraints of theoretical physics, nor were they inhibited by
foreknowledge of the limits of resolution. They worked by trial and error,
and the users of these microscopes managed to visualize details of a
surprisingly diminutive nature, no matter what the theories might have
implied. Confirming that Brown could indeed have observed Brownian
motion (Ford, 1992b) was a highly gratifying result. What made it better was
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FIGURE 8 The stage of the simple microscope. The circular stage of the Bentham
microscope was well adapted to the examination of preparations mounted in ivory sliders
(the precursor of the glass slide of the modern era). Dried plant sections were mounted
between mica disks and retained with steel circlips. Around the stage is engraving stating that
the supplier made scientific instruments, by appointment, to the Royal household. Here a
low-power lens is in use (magnification 19.6×). The lens mounts were simply unscrewed and
replaced as required. Note the focusing of the illuminating light beam by means of the
substage condenser lens.

that it seemed to fly in the face of a detached scientific appraisal (Raspail,
1830).
Chevalier (Hughes, 1855; Nuttall, 1971) made a microscope used by
Brown, but those I have personally inspected were made by Robert Bancks &
Son in London (Figure 4). This father and son firm also made the instruments
used by Hooker, Bentham, Darwin and others (Figures 4, 8 and 9). Their
microscopes were supplied with a selection of lenses, the mounts for which
included one or more Lieberkühn reflectors. These are concave, silvered
downward-pointing mirrors that focused a pool of light on the specimen and
provided the view that we would now obtain with a metallurgical (incident
illumination) instrument. This form of illumination provided remarkably
clear views of the plant structures for which these “botanical microscopes”
were primarily designed. The finest designs produced by Bancks (Figure 10)
included a movable substage condenser and a concentric fine-focusing
adjustment; this is the type that came to be favored for botanical research
by Charles Darwin.
Pioneers in emergent disciplines other than botany used this type
of instrument. In France, for example, where Chevalier was producing
botanical microscopes, the new science of chemical microscopy was being
painstakingly established by François-Vincent Raspail (1794–1878). He
ordered a microscope, based on these British designs, from the Parisian
instrument maker Louis Joseph Deleuil (1795–1862) and used it to found the
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FIGURE 9 Robert Brown’s microscope and the plant cell. Brown first observed the nucleus
within cells taken from orchid tissues. When in 1922 his microscope was returned to the
Linnean Society (of which Brown had been president) it was dismissed as of little
interest—and certainly incapable of providing the images on which Brown had based his
conclusions. Indeed, when the 1951 Festival of Britain organizers asked to exhibit it as an
example of British scientific achievement, the proposal was declined. Here we reprise his
observations with epidermis from the orchid Cymbidium. Three stomata and about twelve
epidermal cells are clearly seen, the nuclei being conspicuously visible within each cell with
the No. 2 lens magnifying 75×.

new science of microchemistry (Ford, 1996). Although we remember Raspail
for this contribution to science, it is also noteworthy that he stood in the
French elections for the position of president of the new republic. He gained
36,900 votes (Napoleon III won with 5,434,226).
Each of the microscopes used by these pioneering investigators was
fashioned from brass with focusing mechanisms that were either made from
steel or took the form of sliding the main supporting pillar through a tight
collar of cork. As their experience deepened, the instrument makers went
on to produce a more advanced design, and Bancks in London introduced
an advanced microscope in which the coarse-focusing control was a rack
and pinion mechanism, situated at the rear of the body pillar, with an
excellent fine focusing adjustment mounted concentrically near the base.
Robert Brown had one of these instruments and to this day it is a pleasure to
use.
Not all the microscopes were as elegant or useful. Perhaps the most
unsuccessful—at least in use—was the botanical microscope designed
about 1790 by William Withering (1741–1799). Withering’s most important
contribution to science was his recognizing and promulgating a traditional
herbal remedy that has since become widely recognized — digitalin, now
extracted from the foxglove (Digitalis lutea, but, in Withering’s time, from the
common woodland species, D. purpurea). The Withering microscope folded
down into a box with a sliding lid, and the act of opening the box drew
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FIGURE 10 Peak of perfection—Bancks’ advanced design for a simple microscope. Careful
manufacture and the incorporation of experience derived during the production of previous
models gave Bancks the ability to tune their designs as time went by. Their typical
microscope stood some 200 mm tall and here we see both coarse- and fine-focusing
adjustments (situated to the rear of the body pillar, and set into its base, respectively). There
is a racking control for the lens arm (top) and the position of the substage lens can be fixed
by mean of a knurled knob (center). Robert Brown clearly preferred to incline his microscope,
showing that it was used for botanical purposes—an aquatic specimen would spill from its
watchglass—though most Bancks microscopes did not have this feature. This example was
made around 1828.

the instrument upright on a hinge. Ingenious it certainly was; but it would
be hard to claim that this was a well-made and functional instrument. As
botanical microscopes go, this was one of the worst.

4.4. Aberrations, Real and Irrelevant
The physics of the lenses imposes constraints on performance, and
manufacturing techniques add further limitations to optical performance.
The lenses made by Bancks are diminutive and were ground from soda
glass. All show minor imperfections. They are mounted in turned brass
holders, and held in place by a screw-in stop that restricts the lens aperture.
This reduces spherical aberration, but imposes limits on the transmission of
light. Trial and error allowed the microscope maker to find the optimum
result, with an image which—even if it was somewhat dimmer than it
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might be—had significantly greater clarity. Chromatic aberration could not
be addressed by any of the lens production methods available at the time,
for this required the use of a convex soda glass lens, coupled with a concave
lens made of flint glass which has a higher refractive index. Until the
development of the solution to this most recalcitrant problem, chromatic
aberration would remain a bugbear to all microscopists, and a stimulus to
optical experimenters. Until the era of corrected lenses, aberrations would
remain: chromatic and spherical aberration, coma, focal plane curvature,
distortion and astigmatism.
• Chromatic aberration
The greater the wavelength, the less light is refracted; thus there is
inevitable chromatic aberration. Its severity is a function of the dispersion
of the mineral from which the lens is made, that is to say, the extent to
which light of differing wavelengths is diffracted at the lens/air interface.
Low-dispersal minerals (like spinel) produce images in which chromatic
aberration is reduced. With a single refracting lens, this problem can never
be entirely overcome.
• Spherical aberration
With a lens of spherical curvature, light refracted through the periphery is
brought to a focal point closer to the lens than light passing through the
lens closer to the center. The resulting image thus suffers from spherical
aberration. If the image is critically focused at the center, it will be
marginally out of focus farther from the lens axis. The production of a
lens with an aspheric contour can theoretically address this issue.
• Coma
This form of aberration results from light approaching the lens at an
angle to its axis, and producing a focal pool of light that is teardrop
shaped rather than circular. This problem is of particular importance to
astronomers, where sharp images of distant luminous bodies are of crucial
importance. In conventional light microscopy, where the field of view is
generally illuminated (not dark), coma matters less.
• Focal plane curvature
We tend to assume that an object and the image that it generates are in
a flat plane that lies normal to the axis of the lens. In fact, it must be the
case that the focal length is not constant across the entire image plane. The
center of a lens of given focal length is closer to the object at its center
than it is at the edges, for the image plane is subtended from the lens. For
this reason, the image plane is best construed as curved, with the distance
from the center of the lens across its entire field being constant.
• Distortion
Forcing an image that is best viewed in a curved plane into a flat focal
field can result in image distortion. When a square object is imaged, the
appearance may be distorted such that the straight sides of the object
curve slightly inwards, producing what is known as pin-cushion distortion.
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Alternatively, the straight edges of the object may be seen to bow out
slightly in the image, a result known as barrel distortion.
• Astigmatism
Finally, we also have to consider astigmatism, in which there is a
cylindrical component (in addition to the intended spherical contour) of
the finished lens. Hand-made lenses tend to lack perfect axial symmetry,
and this will result in astigmatic degeneration of the image.
Any or all of these aberrations cause image degeneration. Some (like
chromatic aberration) are unavoidable in single lenses. Others (like spherical
aberration) can theoretically be obviated in a lens of aspherical contour,
though the surface of lenses of this sort is hard to calculate and the lenses
are very difficult to manufacture. Astigmatism is avoided altogether if the
lens is radially symmetrical, and distortions can similarly be minimized.

4.5. Resolution and the Art of Seeing
Finally, we are left with the limits to resolution. These are easily defined, as
the capacity of an object to modify an illuminating light ray is a function
of the relative values for object size and wavelength. It is only in recent
years that different approaches to light microscopy have allowed us to
find our way around these restrictions (p29) and for the conventional light
microscope these limits remain:
d=

λ
,
2A N

where d is the limit of resolution, λ the wavelength of the illuminant, and A N
is the numerical aperture of the lens (normally written NA). The resolution is
technically defined as the ability of the lens to distinguish two self-luminous
points separated by distance d. In conventional optics, we take the value
of λ as 550 nm (i.e., 0.55 µm), which corresponds to apple green light. This
convention is useful since this color is near the center of the visible spectrum,
and it is also the color to which the human eye is most sensitive. With air as
the medium between the objective lens and the specimen slide, the highest
practical A N is 0.95, and with oil immersion lenses, up to 1.5. In practice the
lowest value of d obtainable is around or 200 nm (i.e. 0.2 µm).
Pedants can modify the expression given above. One additional factor that
can be introduced is the refractive index of the substage condenser lens array.
Indeed, there are several formulae for the calculation of resolution (Zeiler,
1969) and there are debates about which one might be the best to use.
In practice, though, the single constraint that we can derive through first
principles of optical physics is that a single lens in air can resolve structures
about one-fifth of a micron across. This is a crucial conclusion, for it allows
us to look with renewed respect at what the pioneers might have seen. This
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FIGURE 11 The Bancks microscope of Robert Brown in its box. Robert Brown had several
microscopes during his lifetime, and this is the example from the Linnean Society of London,
where I serve as Honorary Surveyor of Scientific Instruments. The use of the hardwood box
as a storage facility, and also as a rigid base for the microscope, was common to botanical
microscopes of the era. The main body pillar, stage, and mirror are in their places, while the
accessories are lying alongside. One can see the stage forceps (left), an ivory slider, a pair of
tweezers and the six lenses. Note that the two lenses on the left are fitted with Lieberkühns
to facilitate illumination by means of reflected light.

level of resolution is good enough to permit the imaging of typical bacteria,
for example, which seems extraordinary to the tyro.
For the first two centuries of high-power microscopy, the users (like
the instrument makers) relied entirely on experience and craft, not optical
physics. If we look back at the extraordinary work done by the microscopist
members of the Royal Society of London (Ford, 2001), we can watch the
understanding of the physics slowly developing, long after many major
microscopical discoveries had been made. With the developments of the late
nineteenth century it is less easy to forgive commentators in recent times who
have failed to grasp the capacity of the single lens. Had the Linnean Society’s
experts in the early twentieth century paid proper attention to the physics,
they would have seen at a glance that resolving the nucleus would not have
been an unattainable aim for a microscopist (like Brown) using a single lens
instrument. Not only could Brown have observed the nucleus in the 1820s,
but his microscope allows one to resolve some of the structure within in.
The Bancks microscopes used by Robert Brown and his contemporaries
including Darwin, Hooker, and Bentham (Figures 4 and 8) demonstrate
the capacity of early Victorian instrument makers—with no understanding
of theoretical physics—to design and construct microscopes that were
finely tuned to the task in hand (Figure 11). They were capable of
providing remarkable results. Even under the low-power lens of Robert
Brown’s Linnean Society microscope, we can resolve discrete cells of
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FIGURE 12 Yeast cells observed with Robert Brown’s low-power lens. Because they were
made individually, by hand, no two Bancks microscopes were identical. The instrument of
Robert Brown was similar to that of Bentham, but different in the details: It lacked the
substage condenser lens, but was fitted with a reclining supporting pillar that allowed it to be
leant towards the observer in use. Here we observe Saccharomyces cerevisiae, yeast cells,
under low power. This image is taken with the Brown microscope, using the No. 3 lens, which
magnifies 32.5×. Light is directed onto the specimen with the concave mirror. Each cell can
be clearly discerned and, although spherical aberration is apparent towards the periphery of
the field of view, there is remarkably little chromatic aberration.

the yeast Saccharomyces cerevisiae (Figure 12). The highest-power lens of
this microscope, magnifying some 170×, gives surprisingly clear images
(Figure 13). If we look to the ultimate resolution of a single-lens microscope,
we can examine the same preparation with a spinel lens ground by Horace
Dall (Figure 14). Spinel has relatively low dispersion, and this fine lens
(magnifying 395×) was fitted into a hand-made holder to form a pocket
microscope (Figure 15). This has since been placed in the Royal Microscopical
Society’s collections, and it produces remarkable pictures.
Diatom frustules have long been regarded as test objects for the
microscope, and we may see how well these specimens are resolved by the
same lenses. With the No. 1 lens of Brown’s microscope we can make out
little more than the outline of the frustule, which is 25 µm in diameter, and
the presence of small details (Figure 16). The No. 2 lens just permits the
visualization of the details as circular pores (Figure 17). The Dall lens gives a
reasonable impression of the pattern of perforations, and reveals something
of the radial patterning at the periphery of the cell (Figure 18), whereas with
a modern-day Leitz microscope we may resolve this patterning around the
edge of the cell and clearly see the perforations (Figure 19). Here too we can
see that the view provided by the single lens does indeed give surprisingly
good resolution in comparison with a present-day instrument.
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FIGURE 13 Robert Brown’s best lens reveals the Saccharomyces culture. The highest-power
lens in the Bancks microscope made for Robert Brown, and preserved at the Linnean Society
of London, is the No. 1 lens that magnifies 170×. Yeast cells vary in size; most are somewhat
larger than blood cells and they thus provide a suitable test object for these microscopes.
The optical values of each of these micrographs is normalized through Adobe Photoshop
CS2 in order to more closely to approximate the view to that the observer experiences. The
lens holders are easily changed, allowing the observer to change magnification as required. In
spite of the theoretical constraints imposed by physics, a microscope of this sort would still
be usable for day-to-day microscopy.

FIGURE 14 The ultimate performance of a single lens microscope. The same
Saccharomyces cells are here imaged with a single lens ground from the mineral spinel by the
late Mr. Horace Dall of Luton, England, and magnifying 400×. This microscope is now in the
possession of the Royal Microscopical Society in Oxford, England. Spinel has low dispersion
and a refractive index of 1.712–1.762 (compared with conventional soda glass of
approximately 1.5, and lead glass of NA > 1.7) and thus offers high image quality. This is the
peak of perfection for a simple microscope. Each cell can be clearly observed, and even
something of the internal structure can be discerned. This dispels the notion that single
lenses produced indistinct images that were afflicted with severe aberration.
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FIGURE 15 In quest of the ultimate performance–Horace Dall’s spinel microscope. The late
Horace Dall of Luton, England, constructed exquisitely small simple microscopes. This one,
dating from 1950, is his finest. The lens (marked here 400×) is ground from the mineral spinel,
which has a refractive index higher than that of soda glass (1.5) and close to that of lead glass
(1.7). It also has lower dispersion than glass, and thus offers the best results that a single lens
could reasonably be expected to provide. The lens is mounted in a circular holder (left),
which screws into the stage (right), and is held firm by means of a concentric spring (center).
This fine microscope, since given to the Royal Microscopical Society in Oxford, was used by
the author to show the extremes which a simple microscope could attain.

FIGURE 16 The image of a diatom under Brown’s 32.5× lens. The clarity obtainable with a
single-lens microscope can be best demonstrated if we take serial magnifications, using
different lenses, of the same specimen. In this case, we see a cell of the centric diatom
Coscinodiscus. The diatoms secrete shells of silica that are typically perforated by regular
arrays of apertures and are thus ideal specimens to act as test objects for microscopes. In this
case, we are using the No. 3 lens magnifying 32.5×.
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FIGURE 17 The image of a diatom under Brown’s 170× lens. As the magnification is
increased, we can begin to make out increasingly fine detail within the diatom frustule. This
specimen measures 25 µm across, and under the No. 1 lens, magnifying 170×, we can already
begin to discern that the darker features seen in Figure 16 are actually circular structures.
Some structure is also appearing towards the periphery, where we can now see that the edge
of the cell forms a translucent rim.

FIGURE 18 The image of a diatom under the spinel 400× lens. The highest-quality image
obtainable with a simple microscope is offered by the spinel lens made by Dall, magnifying
400×, and here the perforations can be clearly observed. Features that seemed to coalesce
into one under the No. 1 170× lens used by Robert Brown can now be resolved as discrete
structures. We can also distinguish the radial patterning that marks the rim of the frustules.
At 25 µm in diameter, this frustule is roughly twice the diameter of a typical cell.

During the nineteenth century, other manufacturers, like Dollond of
London, took these concepts to yet greater heights by producing beautifully
tooled portable instruments with increasingly high magnifications. These
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FIGURE 19 The image of a diatom under a present-day Leitz microscope. Modern
instruments use phase-contrast, differential interference, Hoffman modulation, or
dark-ground microscopy to amplify structural detail. Here we are using a modern Leitz
oil-immersion objective lens to show the detail revealed by a fine present-day microscope,
but without the benefits of these contrast-enhancing optical systems. The separation of the
fine radiating peripheral markings is 0.2 µm, close to the limits of light microscopy. They are
just beyond the resolution of the single lens in Figure 18. These correlated images substantiate
that simple microscopes produced surprisingly clear images of fine microscopical features.

instruments became well known. In the collections at the University Museum
of Utrecht, Netherlands, is a Dollond microscope that is described in the
published catalogue as the “Pocket Microscope of Robert Brown”, and
gives magnifications for the various lenses as 185×, 330× and 480×. The
microscope itself fits into the palm of your hand, and can collapse into a
small leather-covered box little larger than a cigarette packet. There remained
a mystery surrounding this instrument, however, for there was no record of
how it could have been translocated from Brown’s home in Soho Square,
London, to the Physics Laboratory in Utrecht University.
The lesson here is—never rely on second-hand sources, even when
dignified by print in a collections catalogue. It transpired that the microscope
had never belonged to Robert Brown. The entry in the hand-written
accessions book revealed to me a story that was significantly different from
the printed list. This was, it said, a microscope “folgens Rob. Brown”; i.e., after,
or following, Brown’s instrument. It was his type of microscope, and was
never in his possession: mystery solved (Ford, 1985).
A magnification of 480× would be a remarkable performance by a single
lens. The working distance of the lens would be less than a millimeter; the
lens itself would be no bigger than the head of a pin. In traveling to Utrecht
to experiment with the microscope I realized that I would be faced with
the summit of achievement for the maker of a single-lens instrument. But
it was not to be. Sadly, the lens holder no longer held its tiny lens. This
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design offered the highest magnification of any microscope ever put into
production, and it was also the smallest such instrument in history. As such,
it was a dead-end in development. We can see vague connections in concept
with the portable microscope designed by John McArthur in Cambridge, but
there is no direct lineage from this Dollond microscope to the present day.
The Bancks designs, by contrast, clearly reveal the way ahead. We
can follow the stages of development, and it is easy to contemplate the
homogeneity between the design of these simple microscopes and the
modern research microscope. The lineage is unmistakable. We have seen
how the design of the Bancks type of microscope evolved during the first
quarter of the nineteenth century from a modest lens support on a stand,
with crude focusing, a circular stage, and a mirror (Figure 20) into a range
of microscopes that variously boasted a substage condenser, concentric
controls, and both coarse- and fine-focusing adjustments (see Figure 10). If
achromatic microscopes had never been envisaged, this type of instrument
would still be in vogue today, for the images that they can produce are
impressive (Figure 21).

5. PIONEERS OF FIELD MICROSCOPY
Microscopes of the eighteenth century lacked the ingenious accoutrements
of the botanical microscope of the early 1800s. As we have seen, these
earlier microscopes were uncomplicated and the entire device fit into a
boss set into the lid of its box. There were no finely designed fine-focusing
mechanisms and little that was ingenious about them. Although they were
often supplied with a Lieberkühn reflector (and thus could be used for
entire botanical specimens), they were more often known, generically, as
“aquatic microscopes” because they had been developed to study freshwater
organisms.
The origin of this design can be traced to one investigator, and a single
instrument maker. It was the concept of John Ellis (1710–1776), an Irishborn British government official who spent much time based in Florida and
Dominica, and who was an enthusiastic microscopist in his spare time. Ellis
was an active member of the burgeoning class of natural historians who were
investigating the wonders of an expanding world, and his social milieu is
itself a fascinating commentary on the rapid expansion in awareness of the
microscopic world (Duyker & Tingbrand, 1995). He had used microscopes
for years, but found the instruments then available were unsatisfactory for
the study of freshwater microscopical life. So he turned to a well-established
instrument maker in London who had provided him with microscopes
and proposed an alteration in design (see Figure 20). Microscopes of the
time enclosed the specimen in a confining stage, which meant that delicate
living organisms could be crushed or—if they survived intact—could not be
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FIGURE 20 The aquatic microscope designed by John Ellis. John Ellis (1710–1776)
commissioned the production of this aquatic microscope seventy years before Bancks, in
1754. His design was initially made by the London instrument maker, John Cuff, and it has solid
a square-section vertical brass pillar, compared with the hollow tube of the Bancks design
that was to follow. The stage has no embellishments and is meant to support a watchglass
(containing aquatic microorganisms) or alternatively an ivory slider that would be simply laid
across the circular stage. The brush (P) is fashioned from a quill, the hollow end of which
could be used to transport drops of water to the watchglass (M). Note too the Lieberkühn
(G) – one is shown fitted to this microscope (top). This illustration is from ‘‘Essays on the
Microscope by George Adams’’ (1750–1795), instrument maker to King George III, printed by
Dillon and Keating in 1787.
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FIGURE 21 Chromatic aberration and the botanical microscope. Here we see a transverse
section of fern rhizome, and the main features are several large vessels—the tube-like
structures that convey sap from the roots to the fronds. Using the No. 1 lens from the Robert
Brown microscope (see Figure 11) we can see the histological structures clearly, and the
supporting cells that surround the vessels are all well resolved. The color plate also shows
significant chromatic aberration. It is important to note that, although the spurious colors are
apparent, they do not greatly detract from the clarity of the image. Standard textbooks cite
the rainbow-hued fringes that prevented early microscopists from seeing clearly but, as can
be seen, this is a conclusion published by commentators who have never had the benefit of
seeing the images they describe.

reached by a dissecting needle or a probe, which an investigator might wish
to utilize.
It was a London instrument maker to whom Ellis vouchsafed the task,
John Cuff (1708–1792). Here we have a successful craftsman of the highest
standards, already accustomed to producing compound microscopes—
admittedly with uncorrected lenses, but finely tooled and beautifully
finished. The wooden cases were meticulously constructed of hardwood
(apple, mahogany, oak) and lined with baize. The microscopes were of
lacquered brass, with accessories to help the user hold the specimen or
illuminate it in a variety of ways. For their time, they were as perfect as a
microscope could be; but they were bulky, which prevented their being used
for visits to the countryside, and the design of the stage made it difficult to
study aquatic organisms. Something altogether simpler was required.
The design which Ellis devised had a vertical pillar supporting a circular
stage, into which a concave watch-glass could easily fit, and which could
be mounted into the lid of the microscope box (Figure 22). The lens arm
could be raised or lowered to focus the image, and also turned from side
to side to scan across the stage, which is important for studies of pond life.
Beneath the stage was a double-sided mirror, one plane, the other concave.
The whole instrument could be disassembled and packed into the small
wooden box, itself typically adorned with shagreen and finely finished. This
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FIGURE 22 From a pioneering era: the microscope of Linnaeus. This instrument was owned
by Carl Linnaeus, father of taxonomy, and was photographed by the author at Uppsala,
Sweden, where it is preserved at Linnaeus’ former home. In this design, the wooden box was
typically covered with shagreen made by polishing the spines from shark or ray skin. As in the
microscope illustrated Figure 20, a Lieberkühn is shown in the fitted position. Only one
low-power lens now remains in this microscope case, and it gives images of poor quality.
Linnaeus had something of a blind spot for microorganisms, and I have found no record of his
using his microscope to any great effect. Great taxonomist though he was, Linnaeus was no
microscopist.

was a microscope that could fit easily into the coat pocket. It is easy to
use, and (unlike the microscopes for which Cuff was already well known),
these were simple microscopes. The problems caused by aberrations were
minimized with a single lens, and the user had a highly portable instrument
with a wide range of uses both in the field and back at the desk. The
basic design also meant that these microscopes were affordable, and the
intelligentsia could easy obtain one of their own. The principal problem these
instruments posed was one of nomenclature: Are they properly described
as a Cuff, or Ellis, microscope? Both terms are used, but here I will settle
for Ellis. Although it was manufactured by Cuff, the original description
was “Mr Ellis’ Aquatic Microscope”. It was Ellis’ design, after all, and many
manufacturers subsequently produced versions of their own.
Not everybody who bought one of these diminutive microscopes used it.
In Sweden, the father of taxonomic terminology, Carl Linnaeus, purchased
an Ellis microscope in a sharkskin case (see Figure 22). It came with
two lenses mounted into a holder bearing a Lieberkühn, which made the
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FIGURE 23 Macroscopic observations by Carl Linnaeus. These are the closest I have found
to true microscopical observations by Linnaeus. The drawings show the crane fly, Pedicia
rivosa (below) and the moss, Funaria hygrometrica (above). When Robert Hooke portrayed
the same moss in his book, Micrographia (1665), he clearly showed the cells of which each
leaflet is comprised; these pictures by Linnaeus lack such fine detail, and show little more
than can be seen with the naked eye (compare with Figures 21 and 39), though the venation of
the crane fly wings is well portrayed. The illustration is from Linnaeus’ journal for 1732 at the
Linnean Society, to whom the author extends grateful acknowledgement.

microscope eminently suitable for a busy botanist (Report, 1932) but there
is no first-hand evidence that Linnaeus used it. None of his surviving
drawings, or published diagrams, shows microscopical detail. There is an
indifferent drawing of the crane fly, Pedicia (formerly Tipula) rivosa dating
from 1732, for which a low-power lens might have been employed, and a
few macroscopical botanical studies, all of which could have been made by
the naked eye, but nothing more detailed than that (Figure 23).
Linnaeus was also surprisingly uninterested in the myriad microscopic
organisms that had been documented before his time. As we can see
from the published accounts, Linnaeus was always vague about microorganisms (Linnaeus, 1758). He set down a genus “Microcosmus” which
was defined as “Corpus variis heterogeneis tectum,” and recognized Volvox
globator as “Corpus liberum, gelatinosum, iotundam, artubus destitutum”.
Someone must have drawn his attention to amœbæ for Linneaus also
recorded the genus as “Chaos 2. V. polymorpho-mutatibis” and indeed
the common pond amœba was designated Chaos chaos (L) well into the
Victorian era. Linnaeus’ microscope survives in Uppsala to this day. Of the
lenses, only one remains and it is of poor quality. This low-power lens is
suitable for only the most basic investigations, and it does not have the
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quality that is ordinarily associated with lenses made by Cuff. Perhaps it
is a magnifier dating from earlier in Linnaeus’ career and used for close
views of plant specimens; in any event, the microscope is now useless for
microscopy. Expert taxonomist and indefatigable collector though Linnaeus
may have been, he was certainly no microscopist and he missed out on this
fundamentally important realm of life. It was his greatest “blind spot”.
Why would Linnaeus have purchased a microscope, if not to use it?
There was one minute organism that he did describe; this was Hydra, the
fresh-water polyp that he named in 1758. Hydra was an extremely popular
organism for study by late eighteenth-century microscopists, and indeed
interest in this diminutive creature remains current (Lenhoff, 1983). It was
specifically for the study of Hydra that the Ellis aquatic microscope had
originally been conceived.
The problem with early simple microscopes was that they were delicate
and troublesome to use. It was hard to mount the specimen; harder still to
focus it. Many designers had tried to find ways to make the task easier, and
one of the most widespread designs was a screw-barrel microscope (Clay &
Court, 1932). In this instrument, the lens was mounted at one end of a tube.
The specimen was slid into the body of the microscope, and the lens focused
by screwing its holder in or out of the tube. This design had been perfected by
James Wilson (1665–1740), who presented it to a meeting of the Royal Society
of London in 1702 (see Figure 23). It proved to be very useful for botanists
and others working in the field (Wilson, 1743).
Commentators have alleged that Wilson plagiarized his design from one
already announced by Nicholas Hartsoecker (1656–1725). It is certainly true
that Hartsoecker, a Dutch physicist and pupil of Huygens, had indeed
constructed a screw-barrel microscope in 1694, eight years before Wilson. It
is also clear that the idea of the design had spread to England, for Wilson’s
account did not describe himself as the designer, only as the maker. He
described the screw-barrel microscope as “Late Invented,” which clearly
acknowledges that it had been devised elsewhere.
Screw-barrel microscopes were handy devices for observing specimens
that were amenable to sliding into the spring-loaded specimen holder. These
were the microscopes that gave rise to the ivory slider, a thin sliver of bone
or ivory as wide as a pencil and as long as a matchstick. Countersunk holes
(usually four in number) were set into the slider, and the dried specimen was
held in position between two disks of mica that were secured in position
with circlips (see Figure 8). This form of mounting was ideal for insects,
butterfly wings and antennae, wood sections, fabrics, and hairs. Sliders are
widely found as collectors’ items and the specimens that they contain are
often in excellent order, despite three centuries in store. Although the idea of
a “slider” seems decidedly dated, it gave rise to the microscope “slide” that
is universally familiar to present-day microscopists.
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The manufacture of slides was made feasible by the introduction of
“patent plate” or “flattened crown” glass in the 1850s. At the same time,
Chance Bros of Birmingham, England, began the production of coverslips
described as being “of various degrees of thickness, from 1/20th to 1/250th
of an inch” (Carpenter, 1862). These slides are the standard mounting
materials in the present day. In imitation of the appearance of the ivory
sliders, it was the convention to cover early glass slides with paper, only the
circular areas of the coverslip remaining clear. These are now popular items
in slide collections.
Slides and sliders are of the greatest value for the preservation and
examination of specimen material, particularly entire small specimens and
thin sections of larger objects (like tissue sections). They are of less value for
the examination of delicate living organisms, like Hydra, the body of which
is typically 1 cm in length and which is disturbed (and even structurally
disrupted) by perturbations in its environment. Hence the move from the
screw-barrel instrument to the aquatic microscope—this alone, with its open
stage and watch-glass specimen chamber, allowed microscopists to examine
the world of Hydra in a near-natural state.

5.1. The Polype Shows the Way
It was the demands imposed by Hydra that led to the development of
the aquatic and, later, botanical microscopes. But why? Hydra is one pond
creature of many. Was there a reason for the sudden burst of popularity
that propelled it to the number one slot on the microscopists’ charts? There
was a reason, and it lay in the Netherlands, where a young Swiss naturalist
was engaged as a tutor and began a series of experiments that effectively
launched the era of experimental biology. This experimenter was Abraham
Trembley (1710–1784) of Geneva (Breen, 1956), who was appointed tutor-inresidence to the two children of Count Bentinck of The Hague, Netherlands.
He cultured the polyps in glass vessels, observing them as they grew
and reproduced. Then he began to experiment with them, everting their
bodies, transplanting parts of one onto another, observing how one could
use the organism as an experimental animal and coining the concept of
transplantation (Trembley, 1744).
The experiments would have been a wonderful introduction to
microscopical zoology for Trembley’s young charges, and they had many
implications for experimental biology. But they would have remained
undisclosed in The Hague had it not been for the encouragement of
the distinguished philosopher René Réamur (1683–1757) and the growing
interest of the Royal Society, to whom he communicated Trembley’s findings.
For two years the Royal Society withheld support, repeatedly asking
for supplies of the organisms and details of how the experiments were
performed. Eventually they were convinced. Martin Folkes (1690–1754) at
the Society wrote a description of Trembley’s work as “one of the most
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beautiful discoveries in natural philosophy” and the London philosophers
suddenly started to show interest (Lenhoff & Lenhoff, 1986).
One of these was Henry Baker (1698–1774) who, faced with this
remarkable series of experiments, hastily compiled a popular book on the
use of the microscope. Baker was a remarkable character who made a living
as a young man teaching deaf-mutes to communicate and helping to show
them how to live fulfilling lives. His work as a teacher brought him to the
attention of Daniel Defoe (1660–1731), who in 1727 invited Baker to visit him
at home. Two years later, Baker married Sophia, Defoe’s daughter, and his
acceptance into learned London society was complete. In 1741 he was elected
Fellow of the Royal Society.
Baker threw himself whole-heartedly into amateur science. He was
captivated by Trembley’s work, and immediately set about carrying out
experiments of his own with Hydra. The published results appeared at length
in Baker’s book, enticingly entitled The Microscope Made Easy and published
in 1743 (Baker, 1743) (Figure 24). The book was dedicated to “Martin Folkes
Esqr; President, And to the Council and Fellows of the Royal Society of
London” and it portrays a popular account of the state of microscopy at the
time. Baker was no great innovator, but he was an enthusiastic popularizer
and set down his account of the Hydra experiments which he describes as
“an insect” (it is of course a coelenterate) discovered by Mr Trembley “who
now resides in Holland”.
Baker tried to reprise Trembley’s experiments and added a few
observations of his own. The list of experiments that Baker described was
comprehensive and attracted widespread attention:
I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII
XIV
XV
XVI
XVII

Cutting off a Polype’s Head
Cutting a Polype into two Pieces, Transversely
A Polype cut into three Pieces Transversely
Cutting the Head of a Polype in four Pieces
Cutting a Polype in two Parts, Lengthways
Cutting a young Polype in two Pieces whilst still hanging to its Parent
Cutting a Polype lengthwise through the Body, without dividing the
Head
A Repetition of the foregoing Experiment, with different Success
Cutting a Polype in two Places through Head and Body, without
dividing the Tail
Cutting off half a Polype’s Tail
Cutting a Polype transversely, not quite through
Cutting a Polype obliquely, not quite through
Slitting a Polype open, cutting off the End of its Tail
Cutting a Polype with four young Ones hanging to it
Quartering a Polype
Cutting a Polype in three Pieces the long way
An Attempt to turn a Polype, and the Event
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FIGURE 24 Baker publishes Leeuwenhoek’s studies of the common polyp, Hydra viridis. The
extensive studies of Hydra carried out by Trembley stimulated interest in aquatic
microscopy, yet he was not the first to study the organism. Leeuwenhoek sent to London a
series of studies of Hydra starting in his letter to the Royal Society dated 25 December 1702.
The findings appeared in Philosophical Transactions (1703). [This version of Leeuwenhoek’s
studies appeared in Baker (1743). ‘‘The Microscope made Easy.’’ R Dodsley & Co., London, p.
93.] This popular book gave publicity to many earlier workers, and hosts of amateur
observers sought a way of observing these polyps for themselves.

XVIII
XIX
XX
XXI
XXII

Turning a Polype inside out
An Attempt to make the divided parts of different Polypes unite
A speedy Reproduction of a new Head
A young Polype becoming its Parent’s Head
A cut Polype producing a young One, but not repairing itself.

Did Physics Matter to the Pioneers of Microscopy?

67

Interest in Hydra increased enormously. From being an insignificant
organism that few had even noticed, it was suddenly the most fascinating of
subjects for any microscopist. And this was where the problems began, for
the popular Wilson screw-barrel microscope could not cope with a delicate
creature like this. This is the microscope that Baker describes in detail as his
book opens:
The first that I shall mention, is M R . W ILSON ’ S Single Pocket Microscope;
the Body whereof made either of Brass, Ivory, or Silver....
Baker proceeds by describing how this instrument can be mounted on a
stand, leaving the observer’s hands free; and concludes with the claim that
this microscope:
... is as easy and pleasant in its Use, and as fit for the most curious
Examination of the Animalcules and Salts in Fluids... it is as likely to
make Discoveries in Objects that have some Degree of Transparency, as
any Microscope I have ever seen or heard of.
Not everyone agreed, John Ellis for one. Ellis found that the screwbarrel design tended to crush delicate specimens and was a hindrance to
his investigations of these aquatic organisms, and he resolved to design
something more appropriate. Thus it was that the popularity of Hydra as
an experimental subject led to the design of the aquatic microscopes thatestablished their direct lineage to the bench microscope of today.

5.2. The Dutch Draper’s Roots
Trembley believed that he had been the first to discover Hydra. He was
wrong. This organism had already been described and figured more
than 30 years earlier by the renowned Dutch microscopist, Antony van
Leeuwenhoek (1632–1723). Indeed, Leeuwenhoek’s studies of Hydra feature
in the same book by Henry Baker as the experiments by Trembley.
Leeuwenhoek brings us yet deeper in history back towards the birth
of microscopy. All his life he used home-made simple microscopes with
crude focusing controls and which in use required diligence, skill, and
unimaginable patience (see Figures 20 and 22). They were the crudest
single-lens microscopes ever used for serious scientific research, yet they
provided astonishing results. Leeuwenhoek himself was still working on
microscopy when aged 90 and lying on his death-bed, yet for all his
indefatigable research and his indomitable persistence, he founded no school
of microbiology (van Neil, 1949) and left no group of devoted followers to
carry on his teachings. His influence lived on, of course, and was clearly a
trigger to Baker’s enthusiasms (Baker, 1743) in addition to stimulating others
to look into the remarkable world he had revealed.
My work, which I’ve done for a long time, was not pursued in order to gain the
praise I now enjoy, but chiefly from a craving after knowledge, which I notice resides
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in me more than in most other men. And therewithal, whenever I found out anything
remarkable, I have thought it my duty to put down my discovery on paper, so that
all ingenious people might be informed thereof.—Antony van Leeuwenhoek [in]
Letter to the Royal Society of London dated 12 June 1716.
It was Antony van Leeuwenhoek who founded the modern science of
microscopical biology. Apart from his description of Hydra, he produced
innovative and unprecedented studies of sperm cells and blood corpuscles,
cell nuclei and bacteria, protozoa and algae; the whole realm of the
microscope lay within his grasp. His lenses were produced by painstakingly
grinding beads of soda glass into biconvex magnifiers a few millimeters
across, some magnifying several hundred diameters, or—more rarely—by
blowing a bubble of glass and utilizing the small “nipple” that formed at the
far end as his lens (Figure 32).
Each of his microscopes was small, the body of each being not much larger
than a rectangular postage-stamp made of workable metals like brass and
silver that he extracted from the ore. Unlike the lenses, the bodies were not
fine examples of workmanship; they did not need to be. Their purpose was
simply to hold specimen and lens in juxtaposition and clearly in focus so
that observations could be made over time. Then—once Leeuwenhoek knew
what he wanted to portray—he handed over the entire instrument to his
limner and commanded that the view be drawn for posterity. Leeuwenhoek
himself could not draw, and said so in his records. He always had a skilled
artist to perform this task. Other contemporaneous Dutch microscopists, like
the gifted Jan Swammerdam (1637–1680), could make their own drawings
but Leeuwenhoek lacked the skill.
There is a parallel connection between Leeuwenhoek and the Flemish
painter Johannes Vermeer (1632–1675). The births of both men were recorded
on the same page of the baptismal register of the old Church in Delft, and—
when the young Vermeer met his untimely demise at the age of 43—it was
Leeuwenhoek, by this time a town official, who was appointed executor to
Vermeer’s estate. Because the two were contemporaries, it has been claimed
that Leeuwenhoek appears in Vermeer’s paintings but there is no evidence
for the assertion, and little resemblance between the persons in the Vermeer
paintings and the surviving portraits of Leeuwenhoek. It has even been
suggested that Vermeer was Leeuwenhoek’s limner, but that is even more
fanciful. I truth, we still have no notion who that person (or, more likely,
persons) might have been.
As we have seen, Leeuwenhoek’s studies were revived by Baker (1743)
and his research was published by Hoole (1798–1807) in 1798. An 1875
biography was written Haaxman (Haaxman, 1875) and in 1932 Dobell
published his masterful biography (Dobell, 1932). My 1991 book, The
Leeuwenhoek Legacy (Ford, 1991) is perhaps best seen as a modest supplement
to Dobell’s definitive work. Looking at Leeuwenhoek’s prodigious output
gives an overriding impression of devotion and a highly developed ability
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FIGURE 25 A brass Leeuwenhoek microscope from Delft, Netherlands. This is the only
Leeuwenhoek microscope still held in his hometown of Delft and is the only one that lacks
its lens. Most of his surviving microscopes were based on this design. The microscope is to be
found behind the plate-glass window of a display cabinet in the foyer to the Technical
University. The body plates are fashioned from Leeuwenhoek’s home-made brass alloy and
measure 22 mm × 46 mm. The two plates are fixed together by means of four small rivets
and the main securing screw at the base. With this type of diminutive microscope,
Leeuwenhoek was the first to observe a great range of now commonplace specimens,
including cell nuclei and bacteria.

to record his unprecedented observations with accuracy. In many cases, the
descriptions and figures that are recorded in Leeuwenhoek’s voluminous
letters are so meticulously accurate that each species can immediately be
recognized by present-day microscopists.
Leeuwenhoek’s hand-made microscopes were crudely made, with just
enough attention to detail to ensure that they functioned properly
(Figure 25). The design of the microscopes was simple, but highly effective
(Figure 26), and the details he observed seem so remarkably detailed for
such an unsophisticated instrument that detractors have doubted his claims
since the day they were made. Professor R. V. Jones once recounted to me
how he had supervised an examination for medical students in which one
question asked for an explanation of why it was theoretically impossible for
Leeuwenhoek to have observed bacteria with a simple microscope. This is
much the same kind of skepticism that surrounded Robert Brown’s claims
(Report, 1932) when his microscope was examined. There are many die-hard
skeptics in science.
During Leeuwenhoek’s life, his work became widely known. His
discoveries even attracted the interest of King Charles II5 who, according to a
5 Dobell (1932, p. 184), incorrectly cited in Fournier, M. (1996). The Fabric of Life, Microscopy in the
Seventeenth Century. Baltimore and London: John Hopkins University Press, p. 234, reference 100.
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FIGURE 26 How the silver Leeuwenhoek microscopes were designed. Two of the surviving
microscopes have body plates made from silver that Leeuwenhoek beat into sheet metal at
his home in Delft. This diagram has been prepared by the author to illustrate how it was
constructed and used in practice. The 25 mm × 45 mm plates were secured together in this
case by six rivets, doubtless because of the softness of the silver. A long main screw, beaten
and then tapped to provide a thread, is used to raise and lower the transverse stage. The
inclined screw is used to focus the image. The stage of this microscope is triangular in section
and the specimen pin has been made from wrought iron. A specimen was fixed to the point
with sealing wax, and was contained—if necessary—within a flat-sided glass phial in which
aquatic microorganisms could flourish.

letter from Robert Hooke to Leeuwenhoek in 1679, “was desirous to see them
and very well pleased with the Observations and mentioned your Name
at the same time.” Hoole records that Leeuwenhoek had also presented
“a Couple of his Microscopes” to Queen Mary II, wife of William III of
Orange. Leeuwenhoek also met (and presented a microscope to Peter the
Great in 1698. Leeuwenhoek’s discoveries helped to found the science of
experimental biology (Ford, 1995) and he became renowned across Europe
by the time he died.
There are nine surviving Leeuwenhoek microscopes, not all of them of
proven provenance (Ford, 1991) and, in addition, we now have the additional
legacy of the nine original specimen packets that Leeuwenhoek bequeathed
to the Royal Society (Ford, 1981a,b). They include plant tissue sections, slices
of optic nerve, dried aquatic algae and aerial sections of seeds, all prepared
with diligence and uncommon skill (Figure 27).

6. THE IMAGE OF THE SIMPLE MICROSCOPE
Here we arrive at the crucial question: Was it possible for Leeuwenhoek
to make the discoveries that are associated with his name? Was he just,
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FIGURE 27 Original Leeuwenhoek specimens sent to the Royal Society of London. On 2
April 1686, Leeuwenhoek sent his final two packets of specimens to London. The first (top)
contained, he stated, ‘‘a cotton seed cut into 24 round slices.’’ This was the launch of serial
sectioning as an aid to the study of microanatomy. The second packet (bottom) contained
‘‘9 seeds from the cotton tree which have been stripped of their involucres and in which the
leaves have been separated.’’ They are fine examples of microdissection; in this packet, the
detached specimen (top left corner) clearly shows the cotyledons, plumule, and radicle
visible to the naked eye. Dutch scholars, relying on microfiche copies of the pages, described
the packets as ‘‘drawn rectangles,’’ missing entirely the fact that specimens lay concealed
within.
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as has been alleged, a dilettante who exaggerated his results? What can
an observer perceive with a single-lens microscope? Could bacteria truly
have been discovered with anything so simple? We have already seen that a
single lens can theoretically resolve structures as small as 0.25 µm, and this is
theoretically sufficient to resolve many species of bacteria, typical examples
of which are >2 µm in breadth.
The best microscope of Leeuwenhoek that is known to survive is in the
collection of the University Museum of Utrecht, Netherlands. The lens, when
calibrated by my late colleague J. van Zuylen of Zeist, has a focal length of
0.94 mm and magnifies 266×. I used this microscope to image a dry smear of
my own blood, and the results displayed the erythrocytes with remarkable
clarity. They are biconcave discs with an in vivo diameter of 7.8 µm that is
reduced to 7.2 µm in dried smears, and that Leeuwenhoek first described
in 1674 (note that Swammerdam—unbeknown to Leeuwenhoek—may have
observed the erythrocytes of Rana, the frog, in 1658). Scattered among the
erythrocytes (more popularly known as red corpuscles, or red cells) are
leucocytes (white blood cells). Of these, the granulocyte has a curiously
lobed nucleus in which each lobe measures approximately 2 µm (Figure 28).
These lobes are of bacterial dimensions, and my photomicrographs (taken
with the Utrecht microscope) clearly show these structures. As we have
seen in previous examples, the problem of chromatic aberration is minimal.
There are some slight perturbations in color, but not enough to prevent the
microscopist from seeing what needs to be seen.
We have a second strand of evidence. I examined the specimens of
the stem of elder, Sambucus, that Leeuwenhoek sent to the Royal Society
London in 1674 (Figure 29). In one specimen I observed a fine fibril under
the scanning electron microscope (SEM). On the SEM scale it measured
0.7 µm across. I had managed to find the same fibril as had been visible in
the micrographs taken through the Leeuwenhoek lens, so we had directly
comparable images in both Leeuwenhoek’s microscope and a present-day
electron microscope. This made calibration an easy matter.
Finally there is the practical demonstration of living bacteria with a simple
microscope. We can see how the Victorian microscopists resolved spiral
bacteria from the published images (Figure 30). For this experiment I utilized
a spinel lens ground by my good friend, the late Horace Dall of Luton,
which was calibrated to magnify 395× (and is thus comparable with the best
surviving Leeuwenhoek microscope). With this modern version of a singlelens microscope I easily observed living aquatic spiral bacteria of the genus
Spirillum (Figure 31). The results were unambiguous. The bacteria could be
well resolved, thus confirming that Leeuwenhoek had living bacteria within
his range (Ford, 1998).6 These three results leave no room for doubt.
6 This article has been reprinted as: Premiéres images au microscope, Pour la Science, 249, 169–173; and
Frühe Mikroskopie, Spektrum der Wißenschaft, June, 68–71. [Other editions in Chinese, Japanese, Polish, and
Spanish].
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FIGURE 28 Human blood cells imaged by the Leeuwenhoek microscope at Utrecht. Some
additional studies were made at the conclusion of the photomicrography session with the
Leeuwenhoek microscope (see Figure 33). A smear of blood on a coverslip was airdried and
focused for photography. This image shows the entire field of view; noteworthy is the high
proportion of the field that is usably in focus. For such small specimens, chromatic aberration
is inconsequential. Note (top right) a single leukocyte with its lobed nucleus clearly resolved.
The cell itself is some 12 µm across, and the lobes are about 2 µm in diameter–roughly the
size of bacteria like Staphylococcus. This picture, taken almost as an afterthought, vividly
demonstrates the capacity of the single lens. As in all of the photographs in this chapter, the
image contrast and color have been optimized by Adobe Photoshop CS2.

6.1. Analyzing the Image
To the optical physicist, it is the lens data that matter above all. The
results obtained by van Zuylen give the measurable parameters that
define the theoretical performance of the Utrecht lens, and he gives a
linear magnification of 266×, numerical aperture 0.13, calculated resolution
1.16 µm, measured resolution 1.35 µm. The lens van Zuylen measured as
1.2 mm thick and the glass from which it is made is standard soda (bottle or
window) glass of refractive index 1.5—just as one would expect. Very well,
but what does this mean in practice? If we take the literal interpretation of
these figures, then it seems logical to deduce that anything measuring <1 µm
will not be seen.
Logical that may be, but it is also wrong. Even with a simple microscope,
we can perceive the presence of objects, or visualize structures, that are below
the theoretical limits of resolution (Ford, 1968). Submicroscopic structures
can be imaged by dark-ground light microscopy when below the resolution
limit (Ford, 1970), and diffraction fringes set up by linear features in a
specimen can allow one to infer their presence. Thus, the image of the
microfibril previously recorded in the SEM can be compared with the optical
image obtained with a Leeuwenhoek microscope. Similarly, consider the
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FIGURE 29 Cells from Sambucus nigra, the common elder, through a Leeuwenhoek lens. In
1674 Leeuwenhoek sent to London his first four packets of specimens (see also Figure 27).
One of the packets contained remarkably fine sections of pith from the elder tree. Here we
view a small portion of a specimen through Leeuwenhoek’s microscope at Utrecht. Several
cells are clearly seen, each measuring some 45 µm across. Tracing across some of the cell
walls are fine fungal hyphæ, testimony to the three centuries during which the specimens lay
in storage at the Royal Society. The fungus threads are <1 µm across. These high levels of
resolution allow one to observe, with the Leeuwenhoek lens, most of the important
structures that later Victorian compound microscopes were used to discover.

FIGURE 30 The Victorian microscopist examines bacteria of the genus Spirillum. Spirillum
undula is a common bacterium in pond water. These are robust bacterial cells, typically
40 µm from end to end and thus somewhat larger than typical bacteria. [These organisms
were drawn by the Rev. Mr. William Dallinger and appeared as Figure 495 in Carpenter (1862).
‘‘The Microscope and its Revelations.’’ J. & A. Churchill, London, p. 659.] These images are
typical of the Victorian era, when fully achromatic and apochromatic microscopes were
becoming available. It has been popular to assume that single-lens microscopes are
unsophisticated and too primitive to permit pioneering observers to have resolved living
bacterial cells. Optical theory tended to confirm the skepticism.

statement that the resolution of the Leeuwenhoek lens is no more than
1.35 µm. The lobes of the granulocyte nucleus are scarcely larger, leading
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FIGURE 31 The simple microscopes resolves living bacteria. Not only has there been much
skepticism expressed on the capacity of simple microscopes to resolve living bacteria, but
Professor R. V. Jones reported to me that the topic had appeared in an examination question
[reported in Ford (1991). ‘‘Leeuwenhoek Legacy.’’ Bristol: Biopress, Bristol; and Farrand Press,
London, p. 45]. Students had to explain why the principles of optical physics led to the
conclusion that bacteria could not be resolved with a single lens. Here is evidence to the
contrary. The spinel lens produced by Dall is here used to resolve living Spirillum undula
bacteria obtained from a low-pH pond rich in beech leaf litter. The organisms are so clearly
resolved, that even a lower-specification lens—and smaller bacteria—would allow the
observation to be repeated.

the optical physicist to predict that the image of blood would be highly
unsatisfactory. Add to that the further problems of chromatic and spherical
aberration, and we would surely be left with a profoundly deficient image.
This is all in contrast with what we find in the real world. The result
is far better than our prejudice would lead us to expect. The erythrocytes
are clearly displayed, and the details of the granulocyte are visualized with
remarkable clarity. That’s a surprise. And here is a greater one, for the
chromatic aberration does little to detract from our interpretation of the
image. Still more surprising is the flat field of view. Whereas one might
anticipate that only the center of the field of view would give in-focus images
of the blood cells, it is clear that most of the observable field shows cells that
are reasonably in focus. This seems impossible, for only an aspheric lens can
provide results like this. Herein lies perhaps the greatest surprise of all.
The lens is aspheric. No ground lens from the period could possibly have
this form of contour, and this minor mystery was solved only through the
ingenious investigations of van Zuylen (1981). He explained to me how
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FIGURE 32 Leeuwenhoek discovers the aspheric magnifier. The surface of the hand-ground
lens fitted to simple microscopes is approximately spherical. The Leeuwenhoek microscope
at Utrecht is an exception; the lens has an aspheric contour that gives it a remarkably flat
focal field. J. van Zuylen of Zeist, Netherlands, showed how it was almost certainly produced.
He blew a large bubble of soda-glass at the end of a piece of tubing, and detached the
‘‘nipple’’ of glass that forms at the end (right). This simple technique provides a serviceable
lens without the need for grinding, and Leeuwenhoek himself wrote that he sometimes
melted glass to blow lenses. The clarity of view provided by the Utrecht microscope is
remarkable (see Figure 28).

he had taken a length of glass tubing, of the kind used to draw a Pasteur
pipette, and had melted the end on a blue Bunsen flame. Once a sizeable
accumulation of half-melted glass had formed, he blew it to form a large
(wineglass-sized) bubble, at the extremity of which a glass “nipple” had
formed. The thin glass of the bubble itself is broken away and discarded,
and the “nipple” was retained for use as a lens (Figure 32). This aspheric
magnifier gives excellent results with images in focus across the entire central
field of view. Van Zuylen told me that the contour of the Leeuwenhoek lens
at Utrecht matched his experimental replica in every significant respect.
Making micrographs through such historic instrument demands the
greatest care for the microscope itself, and I designed a purpose-built carrier
that allowed the Leeuwenhoek microscope to be carefully focused on a 100year-old forensic microscope base at Utrecht (Figure 33). A series of images
was obtained. Image clarity is remarkable, for such a diminutive lens. There
is little chromatic aberration, indeed I often see more in images taken with the
most expensive research microscopes available to a present-day researcher.
Sometimes, when short of a specimen to show in a lecture, I have slotted in
an image taken with a seventeenth-century type of microscope, and nobody
has ever commented on the difference. This reminds us of a prime principle
of experimental microscopy. We are well advised to disregard the constraints
imposed by theoretical physics. Some careful adjustments, coupled with
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FIGURE 33 Imaging Leeuwenhoek’s specimens through Leeuwenhoek’s microscope. The
author is here capturing the view that Leeuwenhoek obtained of his own specimens, the first
time the two had been thus brought together for more than three centuries. With the help
of Dr. Peter Hans Kylstra at the Museum for the History of Science, Utrecht University, an old
forensic microscopy stand was adapted by the author to support the Leeuwenhoek
microscope and specimen for micrography. The results showed that the original specimens
gave excellent images (see Figure 29) and present-day specimens (see Figure 28) are resolved
with remarkable detail.

judicious tweaking of the illumination source and the alignment of the lens,
can combine to allow the microscopist to see features in the specimen that
should not be resolved in theory. This form of experimental adjustment
was second nature to the pioneers. Our knowledge of optics, and our
understanding of the theoretical constraints, can hinder rather than help.
Disregarding the conventional physics can be the start of great discoveries.
This can be as true in the modern world (Hell, 2003; Hell & Schönle, 2008;
Punge et al., 2008) as it was when microscopy was young.

6.2. Sources of Inspiration
Leeuwenhoek’s investigations are justly respected, and his status among the
pioneers of microscopy is assured. For centuries, writers have commented
on his ingenious inquisitiveness, and praised his brave excursions into
untrodden fields of research. His ability to discover the power of the lens
has been attributed to his work in Delft as a draper, for dealers in textiles
used magnifiers to assess the quality of their goods. My view is different.
I believe that Leeuwenhoek was not the purely self-taught microscopist
that we imagine. The evidence exists to substantiate a very different view:
Leeuwenhoek’s microscope was not designed by him at all, but by the
English natural philosopher, Robert Hooke.
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FIGURE 34 How Robert Hooke observed the flea through his compound instrument.
Among the subjects that are featured in Robert Hooke’s great work, ‘‘Micrographia’’ (1665), are
a range of insect specimens. The range of detail that Hooke portrays is remarkable (see
Figure 36), and this poses us a seemingly unanswerable paradox. As can be seen here, the
image produced by Hooke’s type of compound microscope is of low resolution. None of the
key features (including those fine chitinous body hairs) is resolved. Yet his illustrations are
produced at far higher resolution—and the details that are published in Hooke’s book are
clearly beyond the capacity of his microscope to resolve.

Robert Hooke (1635–1703) is best remembered for the coinage (familiar to
physicists) of Hooke’s law, which he published in 1678 as Ut tensio, sic vis,
which translates as “As is the extension, so is the force”. Equally familiar to
physicists is the concept that a perfect arch has the same shape inverted, as a
hanging chain. Few realize that this was also a coinage of Hooke’s, expressed
thus: Ut pendet continuum flexile, sic stabit contiguum rigidum inversum, which
is translated: “As hangs a flexible cable, so stand the contiguous pieces of
an arch inverted”. Hooke’s folio-sized book Micrographia (Hooke, 1665) was
the first major popular science book and was filled with vivid engravings
of objects seen through a microscope. There were fleas and lice, ants and
flies, gnats and nettles; all vividly portrayed in superb relief with all the
eye-catching brilliance of a SEM. That was not all, though, for the book was
rooted firmly in physics. Hooke published an illustration of his microscope
(see Figure 21), which showed his design for a lens-grinding machine,
explored the heavens and set down engravings of the stars and the craters on
the moon; considered light, and the interplay of colors in shot silk (he long
protested bitterly that his ideas on light had been systematically purloined by
Isaac Newton) in a wide-ranging volume that, in many ways, was a survey
of current scientific thinking.
There remains a major paradox, however. The fine details published by
Hooke could not have been observed through his famous microscope. The
image of the early compound microscope was poor (Figure 34), yet his fine
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FIGURE 35 Pediculus humanus, the human body louse, resolved by a simple microscope.
The antenna, anterior structures, and an anterior claw of a human head louse are imaged here
by the spinel lens made by Horace Dall (see Figure 15) and magnifying 400 ×. The degree of
detail that the single lens reveals is remarkable. Note, for instance, the chitinous lens (below,
left) of an eye; the details of the segmented antenna; and the claw which is also vividly
resolved. Of greatest interest are the fine hairs of chitin that project from the exoskeleton.
These are exceedingly fine structures and they are close to the limits of resolution. These
structures are largely imaged as diffraction fringes—but they can clearly be observed, and
this is the important point. Clearly, Hooke used a simple microscope to observe such
diminutive details. His compound microscope (see Figures 2 and 34) was not up to the task.

engravings showed details that were simply incapable of being resolved by
the lenses. The truth is surprising—Hooke used a simple microscope for the
observations of fine structural detail (Figure 35) and relied on his grand,
compound instrument for the overall impression of an entire specimen. It
was the single lens that gave him access to the extraordinary amount of detail
in his engraved images (Figure 36).
I have deduced that Leeuwenhoek was influenced by the book, for Robert
Hooke describes the microscopic structure of three selected specimens: cork,
elder pith and the white of a quill feather. Leeuwenhoek visited London in
1666, when Hooke’s book was the talk of the town and when he started
sending the results of his own microscopical investigations to London in
1674, I find that he chose exactly the same specimens and even listed them
in the same order. Leeuwenhoek’s first specimens sent to London were
cork, elder pith, and the white of a quill feather. The line of influence is
unmistakable.
Hooke’s influence on Leeuwenhoek as a microscopist is clear enough,
although Hooke’s microscopes were compound instruments, made by the
London instrument maker, Christopher Cock, whereas Leeuwenhoek made
his own simple microscopes. They are always described as of Leeuwenhoek’s
own design, but in my view this conclusion needs to be revised.
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FIGURE 36 The larva of common gnat Culex pipiens published by Hooke in 1665. Hooke’s
engravings of lice, fleas, ants, houseflies, and gnats are well known, but this mosquito larva is
rarely reproduced. It is a fine example of his assiduous investigations of the insect world.
Note, for example, the clarity with which the chitinous body hairs are reproduced—this view
(as we have seen) is clearly the result of observations using a simple microscope, rather than
his familiar compound instrument (see Figure 2). Most of the specimens Hooke published in
his book are visible to the naked eye. They are essentially macroscopic (rather than
microscopical) observations. Yet the fine details are truly microscopic, and can only have
been made with a single lens.

The designer of the Leeuwenhoek microscope was actually none other
than Robert Hooke. Hidden away in the Preface to Micrographia is the recipe
(Figure 37):
Take a very clear piece of broken Venice glass7 and in a lamp draw
it out into very small hairs or threads, then holding the ends of these
threads in the flame, till they melt and run into a small round Globule
or drop, which will hang at the end of the thread; and if further you
stick several of these upon the end of a stick with a little sealing Wax,
so as that the threads stand upwards, and then on a Whetstone first
grind off a good part of them, and afterward on a smooth Metal plate,
with a little Tripoly, rub them till they come to be very smooth; and if
one of these be fixt with a little soft Wax against a small needle hole,
prick’d through a thin Plate of Brass, Lead, Pewter, or any other Metal,
and an Object, plac’d very near, be looked at through it, it will both
7 Venice glass meant any high-quality soda glass. Venice (more properly Murano, to which island the
Venetian glass-makers fled when repeatedly attacked by raiders) was, and remains, a center of glassmaking
excellence.
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FIGURE 37 From the Preface to Micrographia: Hooke’s recipe for success. The description
of the way that Hooke made simple microscopes is hidden away in the unnumbered pages of
the Preface. Lurking on the twenty-second page is this description of his method: ‘‘Take a
very clear piece of...glass, and in a Lamp draw it out into very small hairs...they melt and run
into a small round Globule...first grind off a good part of them [and] rub them till they come
to be very smooth; and if one of these be fixt...against a hole [in] a thin Plate of Brass...it will
magnifie and make some Objects more distinct than any of the great [=compound]
Microscopes.’’ There we have it—the description that Antony van Leeuwenhoek used as the
basis of his design. What we describe as a ‘‘Leeuwenhoek microscope’’ is actually a design by
Robert Hooke.

magnifie and make some Objects more distinct than any of the great
[i.e. compound] Microscopes.
These Preface pages are unnumbered, unlike those in the body of the book,
which may account for the past neglect of this important passage. Hooke’s
description shows how anyone could make a serviceable microscope at
home, and Leeuwenhoek’s design closely follows these instructions.
And so we trace the microscope back to its origins. Yes, there were others
who went before, though they did not give rise to significant discoveries,
nor to a major conceptual breakthrough. Earlier studies, like those of a bee
published by Stelluti in 1625 (Figure 38) and of a moth by Borel in 1655
(Figure 39), revealed little more than can be seen with the naked eye. These
observations were made before the manufacture of microscope lenses had
been developed. There are older lenses, the oldest known lens dating from
3,000 years ago (Figure 40), but objects like this were probably decorative
gems, rather than genuine magnifiers.
If there is any criticism to make of Micrographia, it is that most of the objects
featured are portrayed in macro- rather than micro-mode. Yet beneath the
stunning insects and beautiful plant specimens featured in the book lies the
clue to Leeuwenhoek’s success: Hooke’s own design for the first-ever highpower microscope.
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FIGURE 38 First microscopical observation of a compound eye from 1625. Vivid studies of
the honey bee, Apis mellifera, were made by Francesco Fontana and published by Francesco
Stelluti as illustrations for a tract begun by Frederico Cesi who, unfortunately, had died
before the work was completed. The book, entitled Apiarium, was dedicated to Cardinal
Francesco Barberini, whose family’s coat of arms was a shield bearing three bees. Small
components of the bee are shown (e.g., the mouthparts, No. 9) and details of the antennae
and compound eye are revealed (No. 8). [See also Bardell (1983). The first record of
microscopic observations. BioScience 33(1), 36–38.]
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FIGURE 39 Borel’s moth from the pre-microscopical study of nature. This crude woodcut of
the antennae of a moth was published by Pierre Borel (1620–1671) in 1655. Borel was a French
physician and botanist who published a range of rambling discussion of microscopes (and
telescopes) in his book, ‘‘De vero telescopii inventore, cum brevi omnium conspiciliorum
historia accessit etiam centuria observationum microcospicarum’’ [published by Adriaan
Vlacq, The Hague] Other enlarged images had been published by many philosophers,
including Francesco Stelluti (a honey bee, 1625) right back to Olaus Magnus (a snowflake,
1555); but these showed no more detail than close inspection with the naked eye could
reveal. It was Robert Hooke who popularized the use of the microscope and produced the
design that Leeuwenhoek would use to carry us far into the world of microscopy.

FIGURE 40 The Nimrod lens—the earliest yet discovered. The earliest artefact in the field
of optics is this ground crystal lens dating back 3000 years. It was discovered at the ancient
Assyrian palace of Nimrod by Austen Henry Layard in 1845, near the present-day Mosul in
Iraq. Suggestions have been made that it was used to magnify, or perhaps served a practical
function as a burning-glass to ignite a fire. Even more fanciful is the idea that it was used in an
early telescope. It is likely just to be a jewel, an ornament; however, it is clearly a lens and
takes us back to the cradle of civilization—and the earliest artifact that physicists could
legitimately embrace.
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The value of a Leeuwenhoek image stood the test of time. After
Leeuwenhoek died, his daughter sent a box of silver microscopes (many
of them still complete with specimens) to the Royal Society in token of
her late father’s esteem for that learned body. In 1738, Lord Jersey wrote
recommending that these Leeuwenhoek microscopes would be the best
available for research (Ford, 1991). Baker described them in 1743. He wrote,
“At the time I am writing this, the Cabinet of Microscopes left by that famous
Man, at his Death, to the Royal Society, as a legacy, is standing upon my Table’
(Baker, 1743). They were eventually borrowed from the Royal Society in the
1820s by Sir Everard Home, a surgeon and associate of John Hunter, the
surgeon and anatomist, whose papers Home was given to publishing as his
own. They were never seen again and were probably lost in a fire at Home’s
apartment in Chelsea (Ford, 1991).
It is a salutary revelation that most of the major discoveries of the
nineteenth-century microscopists could have been made with the single-lens
microscope made by Leeuwenhoek, if only people possessed the mounting
techniques, and the knowledge of what to look for. Bacteria and microscopic
fungi, even human chromosomes, all could be seen with a Leeuwenhoek
lens. Not only did Leeuwenhoek observe cells, but he also figured nuclei and
spermatozoa, and even observed Brownian motion. And it was all done by
working on a design by Robert Hooke, and by ignoring what the specialists
said. Just adjust the instrument, tweak the light, and use unimaginable
patience.
Optical physics? This honorable discipline dates back more than 1,000
years. Yet who needs it, when the wind of innovation fills the microscopist’s
sails? It is “what you can see” that counts.
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