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Abstract

An ornithopter, a flying machine by use of its flapping
wings, was designed and 3D-modeled starting from an
idea in CODICE ATLANTICO drawn by Leonardo da
Vinci in the midst of 1,500. A simple sketch in the
codex was at first analyzed from the point of degrees of
freedom and the geometrical consistency, the
mechanism was next concretely synthesized with
appropriate modifications. Industrial design was also
added to the solution of the mechanism based on the
concept to fit the outlook to the flapping motion of the
machine and some historical research. Utilization of
classic engineering materials to design exercise was
discussed by thinking back the entire process of the
design.
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1 Introduction

In machine design, mechanism is one of the most
essential elements, and sometimes it attracts even non-
engineers by its visible motion. This is why, for example,
a lot of engineering ideas on mechanism in the codices
by Leonardo da Vinci [l] are published as
two-dimensional engineering drawings and produced
into their three-dimensional images and motion
animations [2][3]. Their stance in engineering design
and three-dimensional modeling is based on faithful
transcription and reconstruction of the idea sketches.
There, however, is a trial to synthesize Leonardo’s
mechanism into a robot [4], pointing out that the ideas
provide sufficient kinds of machine elements to improve
a modern mechanics.

Then as a trial in design education, a design
exercise starting from a Leonardo’s idea sketch to an
entire machine including a chassis giving appropriate
outlook for the function was planned and carried out on
a student. In the exercise, the student started at an
analysis of a mechanism to understand its function, and
then followed by a quantitative synthesis even to add
supplementary elements required for the function.

In this paper, the process of the design starting
from idea sketch in classic engineering material will be
introduced and the utilization of the materials will be
discussed on what and why the student made decisions
in the design from one-on-one communication between
a teacher and a student.
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2 Classic Engineering Documents

There are many classic engineering documents on
mechanical ideas and tutorials for both in the West and
the East. For example in Codice Atlantico, not a few
mechanical ideas by Leonardo da Vinci are collected,
and in the East, Karakuri zui and Karakuri kinmoh
kagamigusa are the most famous ones. These materials
are roughly classified into two types: only a description
or drawings of a raw idea and a record of actually
manufactured machine. In case the former is adopted as
a subject of design exercise, students should start with
the verification of the consistency of the idea. In the
latter type materials, illustrations and description for
explanation are precise and scrupulous. In both types,
the contents, however, cannot give a true shape and a
true length because they had been drawn before the
establishment of plural projection and standard for
drawings, then nor give quantitative information
including dimension; the ideas are equivalent to idea
sketch in modern engineering in the beginning of the
design process. We need, therefore, quantitative analysis
and synthesis based on modern engineering knowledge
to utilize the ideas. We also have to know that the ideas
do not include consideration based on mechanics on
material, fluid and thermal and dynamics since they had
not established yet.

3 Creative design trial of ornithopter
3.1 Subject of the design exercise

The subject of the design trial in this report was a
flying machine, the ornithopter, in Codice Atlantico
shown in Fig.1. We have the whole copies of codices of
Leonardo da Vinci as a special collection in Design
Library, Kyushu University. There are four candidates
on the page; the one at the center in the lower row on
the page is adopted. This is because the mechanism was
constructed with various kinds of machine elements
such as a pulley, levers and screws, and also includes
turning pairs and screw pairs. It seems to be also
preferable because of having an appropriated difficulty.

In the present knowledge, we have already known
that only small birds such as the hummingbird can
hover and very large birds over 10kg cannot even fly [5].
We now know that it is impossible for people to fly with
flapping, then the subject of the creative design is to
design a machine having essential elements of flight by
flapping and motion resembling to flapping of birds. It



Fig.1 Ornithopters in Leonardo’s sketch [1]

is also added to the subject to give a corresponding
outlook to the mechanical function.

3.2 Mechanical design

The material adopted here is the one which has not
been manufactured as described in Chap.2. The teacher
then directed a student to verify the idea and to find out
inconsistencies to be modified before the synthesis. The
student started the exercise with a close investigation of
the mechanism to study an operability of the mechanism,
analyses of degrees of freedom and geometrical
consistency were carried out on the mechanism.

On the degrees of freedom of the mechanism, dj; the
number of machine elements and pairs in Fig.2 is
counted and substituted into Kutzbach-Griibler’s
equation of degrees of freedom for two-dimensional
linkage. If each pair in the figure has one degree of
freedom as observed and estimated from the figures, the
one of the whole mechanism is zero as evaluated by the
following formula, pointing out that the mechanics
cannot move at all;

d=3(N-1)-n(3-1)=3(3-1)-3(3-1)=0

where N is the number of whole machine elements in
the mechanism chain for one wing, and # is the number
of pairs having one degree of freedom as follows: one
screw pair between (5) and (6) and two revolute pairs
(7) and (9). The analysis is carried out on the half of the
mechanism hence the mechanism is symmetrical.

To solve the lack of degrees of freedom, we have to
add an extra degree of freedom on one of the present
turning pair. For example, one of the simplest solutions
is to add a sliding pair between the lead screw nut (6)
and the arm (8) to be a sliding-turning pair with two

b

1. Handle

2. Pulley

3. Rope

4. Lever

5. Lead Screw
6. Lead Screw Nut
7. Revolute Pair

8. Wing and Arm
9. Axis of the Wing
10. Frame

Fig.2 Analysis and synthesis of the mechanism

degrees of freedom.

Next analyzed was the stroke of the motion. Since the
lead screw (5) in Fig.2 seems one thread, the lead screw
nut (6) making a pair with the screw moves at most 1/3
of a pitch in accordance with the rotation of the lever
attached to the lead screw. Measured from the figure,
the magnitude of flapping angle of the wings stays
insufficient less than a few degrees. The flapping
mechanism driven by the lead screw which rotating
angle is restricted less than 180 degrees due to the
lever’s interference. Then it is concluded that the
driving system is inadequate and should be replaced by
other some effective transmissions.

Investigating the driving system on a geometrical
consistency, another problem on spatial arrangement
was found out. Since the lengths of the rope on wind up
and down sides are the same, the position of the pulley
(2) must be on the perimeter of an ellipse of which two
focuses are at the ends of the lever (4). Now the distance
between the pulley and the axis of rotation of the lever,
lead screw (5), is fixed, the pulley is on a circular arc,
indicating that the length of the lever is zero. Then the
driving mechanism is geometrically inconsistent.

As described in Chap.2, the idea sketch will not give
us true length nor true shape; designers must have a
sufficient knowledge on mechanism and geometry to
find out this restriction.

The rotating angle of the wing around its axis is
determined the ratio of the length of the arm and the
stroke of the screw pair; we can magnify the angle by
shorten the length of the arm. This solution, however, is
not practical because the arm length should be shortened
to be almost the same to the screw pitch to give a
sufficient angle.

Another solution to magnify the flapping stroke is to
increase the stroke of the slider compared to the rotation
of the driving shaft; the pitch of the screw should be
increased. Considering that an enough stroke to make an
entire flapping by less than one quarter of a revolution
cannot be obtained by way of a multi thread screw or a
large diameter. In this design trial for creative design,
the basic principle is to keep feasible original ideas of
Leonardo da Vinci. On the function, however, his idea is
not acceptable in the sense of mechanical engineering.
An alternative was proposed to give an enough stroke of
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Fig.3 Mechanical Design of the Ornithopter

the slider for a flapping motion by rotation of pulley not
restricted by the rotating angle of the levers and also
easily magnified by multiple-stage pulley train.

Shown in Fig.3(a) is the overview of the redesigned
ornithopter and Fig.3(b) illustrates the detail of the
mechanism for flapping motion. The lead screw (2) with
an appropriately increased speed through the pulleys
and the belts (1) then drives the screw nut (3) back and
forth. The reciprocal motion of the screw nut twists the
flapping axis (5) of the wing through the connecting rod
(4) joined to the screw nut with a spherical joint, then
concurrently pushes up and pulls down the end of the
tilting block (6) with the flapping axis, giving a
feathering motion to the wing as illustrated in Fig.4(b).

This mechanism resembles to the three-dimensional
model [2] referring to the same sketch, but the
mechanism is improved from the original one on the
verification of practical function by compensating the
lack of degrees of freedom and the required magnitude
of the blade motion by the synthesis of the mechanism
and the alternation of the elements.

The mechanical design in Fig.3 included an adoption
of solutions not optimal from the point of dynamics,
adoptions not optimal. Taking priority of the all-round
exercise including not only mechanical design but also
design of appearance, the next stage of design exercise
was discussed after confirming the expected motion of
the mechanism.

3.3 Design of Appearacne Form

In an exercise of industrial design in which a
mechanical design is not included, the design process
starts with an analysis of people’s requirement and then
its chassis envelops and hides the mechanism inside. On
the other hand, in general mechanical design exercise,
students are often instructed to determine the forms of
its chassis and parts as simple as possible to lessen
engineering complexity, for example a manufacturing
cost, as the results, simple two-dimensional forms are
suggested as illustrated in Fig.3(a). As an all-round
exercise, design of appearance of the ornithopter was
added to the basic mechanism synthesized in the
previous chapter, design which positively includes a
three-dimensional form.

The most important elements to be improved in
design are the wings and the body of the machine when
we will clearly illustrate the machine as an ornithopter.
The wings and the body are the most appealing

elements of the ornithopter.

Medium and large birds can fly by a lift force
generated by the relative flow to their wings with
generating a thrust by flapping. For the function, the
remex is an essential element of the machine. Then this
part is essential not only for a design of outlook but also
for a mechanism and physics of flight by flapping.

At the time when the idea sketch was made, the
mechanism of flight had not been clarified yet, even
though Leonardo da Vinci made a hawk-eyed
observation on flight mainly on a black-kite [6]. This is
the reason that the each wing in the sketch consists of a
single sheet and they have simple outline like a leaf.

Three remiges on each wing were added at the end of
the wing, capable to rotate by the flow relative to the
remiges. Ordinary birds have over ten remiges on a
wing; the adoption of less number of remiges is made
from the point of view of appearance to easily show
their existence being separated each other.

The other important element, the body, was designed
next. In Leonardo’s idea sketch, the two bars or
rectangle plates are set parallel as a frame of the
mechanism supporting the screw and the other elements
above the driver. This part then will be modified like a
bird’s chest having a rounded and bulging shape.

To make a flapping motion of wings relatively large
to the body at their bases by giving a moment of force,
strong muscles as actuator are required. It is in fact that
the raised round chest is easily noticed on birds. On
what kind of birds are in Leonardo’s works, the student
made an additional research. Leonardo da Vinci
observed mainly black-kite for the study of flight of
birds. Otherwise he painted swans, for example in Leda
and the Swan. A raised and round chest is more
observable in a swan flying with continuous flapping
than a black-kite by soaring. The model of the
ornithopter is then determined as the swan.

Main material of the machines in Fig.1 is assumed
wood except some mechanical elements. The body, the
frame supporting the mechanism, should be made of
wood, then is designed by use of a ruled surface, a
composition of cylindrical surfaces assuming a
bentwood, although generating a curved surface on
three-dimensional CAD is easy.

In the original idea sketch, no legs nor feet is drawn
mainly because the sketch illustrates an idea of flapping
mechanism of flight for a human, not a mechanical toy
of a bird. The teacher suggested the student to add legs
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Fig.4 Final Design of the Ornithopter

and feet to the mechanism to stand and to complete a
bird shape.

The legs designed by the student are short to place
feet almost just beneath the body like a swan. The feet
are modeled by bars not plates resembling flippers. This
is due to the student’s aim to keep a mechanical
appearance. The length of the feet is of cause
determined based on the position of the gravitational
center of the body.

The overview of the final design of the ornithopter is
shown in Fig.4(a). The result shows a remarkable
change compared to that in Fig.3(a) including the same
mechanism. In accordance with the shape of the frame,
the positions of the driving shaft, the screw and the
pitching axis of the wings are altered from the simple
vertical arrangement of the original idea sketch to the
arrangement fitted to its curved contour and
three-dimensional form.

4 Concluding Remarks

A comprehensive exercise on design of a small
machine can be constructed by effective use of
classic engineering documents that include ideas of
simple mechanisms consisting of fundamental
machine elements. In this paper, such trial of design of
mechanism and appearance based on a ornithopter in
Codice Atlantico was introduced. In the process of
exercise, the motion of the mechanism was at first
analyzed and necessary modifications were next added;
the two-dimensional mechanism in the material was
developed to a spatial linkage for a motion appropriate
for the function, giving an experience composed of both
analysis and synthesis. In this case, the teacher did not
request a motion hysteresis between flapping-up and

-down of the wings. For example by adding the above
additional subject, the difficulty of the exercise can be
adjusted to a more advanced level.

In adding design of appearance to the simple
solution in which the flapping motion is capable by
modifying the original idea sketch, the teacher
frequently suggested to the student to include a
three-dimensional shape fitting to the motion of
flapping bird. In the process of this design practice, the
student made additional research on the mechanism of
flight by flapping and the difference of flight type
between birds of which knowledge are reflected into
both mechanical and appearance design.

References

[1] “II Codice atlantico della Biblioteca Ambrosiana di
Milano/ Leonardo da  Vinci; trascrizione
diplomatica e critica di Augusto Marinoni”,
Firenze: Giunti-Barbera, (1975).

[2] L. Massimiliano, M. Taddei, et al., “Leonardo da
Vinci: Codice Atlantico”, Leonardoo3, (2006).

[3] D. Laurenza, “Leonardo’s Machines: Secrets &
Inventions in the da Vinci Codices”, Giunti Editore
(2011).

[4] M. Taddei, “New Mechanics and New Automata
Found in Codices”, Leonardoo3, (2007).

[5] H. Tennekes, “The Simple Science of Flight: From
Insects to Jumbo Jets”, The MIT Press, (1997).

[6] Leonardo da Vinci, translated by Marinoni Augusto,
“I1 Codice sul volo degli uccelli”.

Received on December 28, 2013
Accepted on January 27, 2014




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


