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DYNAMIC DRAWING

Its Therapeutic Aspect

The practice of an art—as also the experience of it—
presupposes a gathering of one’s inner forces, a harmony
that comes about through inner concentration. The arts with
their variety of media give a teacher broad opportunities for
their use in curative work. The constant creative effort in
continual repetition which art requires, makes the harmony
which has come about spread over into everyday life. Since -
various senses are involved in practicing and also in con-
templating the different arts the teacher can adapt their
therapeutic value to different illnesses. In this essay we will
speak of dynamic drawing. Neither color nor a portrayal of

___nature will be considered. We will be dealing altogether

with the drawing of lines which come about through move- ~
ment, which therefore are its visible counterpart.

In many cases a retarded child has difficulty in entering ac-
tively into earth life with his whole sense organism, So-called
“feeble-mindedness” points to the inability of the child’s
soul and spirit being to penetrate his physical body, thus
preventing his having a complete relationship to the world
around him through his sense organism, Awkward heaviness
of the physical organism, dullness of the senses in relating
himself to the surrounding world are the resuit. In the fifth
lecture of the course on CURATIVE EDUCATION Rudolf
Steiner says: ‘‘If you are dealing with a feeble-minded child
you must bring his metabolic limb system into movement.
This will stimulate his spiritual entity.” We must then ask
ourselves the question: Where in the realm of art do we
work directly with the sense of movement? In Rudolf
Steiner’s analysis of the senses he establishes th
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geneera;”se:éas, clzarly distinguishable, in addition to those

ger sens)é 2 ceﬁte . The sense of movement is gne of them:
as the task of perceiving all one’s own movement

an
and all movement that takes place outside of one. This in- .

cludes the experiencin
g of all forms, for

move ' ‘ the i
registgg?ftht:glt havfe come to rest. While our sehseyoi?v(iasi;rl1l
feels its way aro(L)Jrng ti;o;gr?;#eriac?foﬁr sense of movement
o ' ‘ y. It the periphery i -
thatg’::g;eljsnﬁilcggclg we have an‘harmOnio%s‘eip'f;ig:ge
s oy s unco §c10u§ly to cosmic laws, But if the circle s
opperfectata c rtain point, everyone will at once be aware
o to.corr sen;e pf balance has been involved, and our
imbulse to C theei\t/ t”ebm.exact spot s_hows that we ar;e slightly
sting forms hav ell-being of our life sense. Similarly all ex-
sung forms e an effect on our sense of balance thro h

ot movement. The reaction of our life sense shggvs

v g
7
tov 1at de ree aform \Wlletllel de”ved flOllI IlatUIQOI flOIH

o .
-t is essential that the teacher who will be bringing the

world 6f form-to-the-child through his daily art work shou |d

b | : -
e aware of its laws. Viewed from the earth-both--sun-and

moon a :

foon Aﬂzpczanf tboeout; naked eye as perfectly round plane sur-
light apmear 1o fa?l served on the edge of a shadow, their
al_r:d the straighht Hne,r;rae%grrf:wcglyezggag%ht ine. S thelcircle
the cos lents coming to u

e e e e o e s e el
Cause =ar . N« ee ot density it ]
rigiditsydeTyf’wae“%n from the original direction an)éj ré)s:fégithe;
gy, TF eartfcwejn surfaces that make a partlal sphere
fomand our earth emonstrate the working of cosmic laws of
e the ark§urf§ce5'of crystals one can discern for-
e 2 surf);c\:héor fmg in from outer space. And in man the
formed by ebs o the. eye reminds us that it was once
g r%e dstrlgamlng in from the cosmos.: A similar
origin Howevere's ie at the root of all cosmic-geometric
ment this experi n a”f.that Is expressing a purely human ele-
ment s geor?wete:ncle inally ends. In so far as the artist does

o Beon Cr;lctg for:r'ns he enters a realm of freedom.
st ating his forms can take his observation of

Is starting point; then his work is more 6r less in?—

Citatiy
e. The more he converts the forms he finds into

something new, .out i

: , of his own i

o _ ' experience, ~

[isfi?:m}ehhls work will be, and consequently thetfrlforrore
- I'he contemporary artist has frequently’ gone the oapr-

———— ,._@r_a_y_QD‘;The N

e starts out from his inner state of soul and
looks creatively for a corresponding symbol. In this case, if
his work is carried out with sufficient wakefulness of will he
is very often able to give interpretations of nature which doy,
not derive from his remembered sense perceptions. Rather!
they rmanifest something essential in the forms themselves,
making. visible gestures which previously have been ex-
perienced in the surrounding world but which now stem
from the depth of our supersensible being.

The following question arises for the teacher: what forms
am | to choose and how do | present them to a child? Rudolf
Steiner indicates that if we exclude forms from nature, the
child as he experiences the movements of his arms and
hands arrives at forms which stem from the laws of human
movement. Linear drawing that has this idea as its starting
point remains creative and alive and finds forms that are
related to the human being. It will not create forms for
form’s sake. The line that is just the contour of a visible ob-
ject is inartistic, untrue and does not exist in nature. Here we
are dealing with the line as the graphic trace of a movement
which is becoming visible on paper as it is carried out with a

hild who exerts himself in this activity arrives

limit of his resources. Constant repeti-

rather quickly-at-the.-limit o ‘
tion of form elements that derive-from_his_instinct or, asgl
happens with a child who needs curative help; chaotic.

movements that derive from his physical condition, warn the
teacher to look for a way to lead him beyond his mere im-
pulsive drawing to a conscious shaping of forms. Whoever
has developed the ability through eurythmy to read and in-
terpret movements can learn a great deal about someone’s
personality by studying the character of his movements. The
gestures make the liness visible; they are valuable in
diagnosis. Therapy begins when the child wrestles with the
movement of his crayon to achieve something of which heis |
incapable without this effort. The therapeutic value lies in
this persistent struggle against his inner chaos.

What actually happens can best be observed in that group
of children who suffer from moving too much, whose
movements indicate that their ego is not in control. Their
movements do not belong in the realm of play or in any sen-
sible activity. There are many reasons for the illness of these
hyperactive children. in addition to those whose constitu-
tion can be traced to their individual destiny there are all

those children who have been injured by modei;r‘

5
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technology. These are borderline cases in normal schools
where they disturb the classes with their constant
restlessness. That is why they are temporarily in need of a
curative home. At the beginning of this century the motor
was not yet part of our everyday surroundings, but today
there is hardly a remote corner where it is not visible of audi-
ble. Its noise has no rhythm; it remains a foreign body in the
human sphere.The noise cannot even be kept away from
the baby carriage. Later on the child’s gaze follows its source
with fascination. Wwith the little ones the result of constantly
seeing and hearing a machine is that while they run about
they themselves make motor noises in order to have them
when no actual machine happens t0 pe audible. The urge
lies in them constantly to experience vibration. In this state
the children come 1O school and with no inner tranquility
they are unable to listen to the human voice of their teacher.
Nor do they listen to their parents at home. In this unruly
behavior the teacher can recognize that theit movements
are not true gestures, that is, they do not come from the
spiritual core of these young beings. And so the teacher has
the task of transforming all their soul-less mechanical
movements into what is genuinely human. When these
children are ‘asked to draw a wave line it will look ap-
proximately like Figure 1: the first few waves still reflect the
teacher’s insttuction; after that it rushes on in their own un-
controlled way. Within minutes the page is filled and the
child has only repeated on paper the type of movement that
he has been making all day. It is now important that the
reacher should draw a wave line for him with as much preci-

_sion as possible. As he draws he should speak of the con-

trolled movements of his hand, how it carefully makes the
transition from the upward curve 1o the downward curve.
(Figure 2.) Qnce he succeeds in getting the child’s attention
Lo this process he can then very soon get him to exert some
effort of his‘own. At this point there will be silence. 1t is only
possible to draw a wave line that is geometricany exact, con-
sisting of semicircles that merge into one another, if one
consciously. controls one’s every movement. It will take quite
half an hour or longer for a child to fill a page in his book
that formerly he filled in a few minutes. Now the child’s ego
is taking charge. Frequent practice leads to perseverance.
As soon as the ‘child has developed some skill the teacher
gives him additional forms to draw. The child’s uncontrolle
onrush helps to find them. The teacher’s desire 10 control
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this onrushing i ' ;
mpulse will bri i
develo ring him to forms i
fouowiﬁgc’?éffsg."?-a”°‘he' and will take approxim;?:lty mﬂ
their sequence i 'si 'g"]"e? 2-5. Beginning with the wave line
control hie & IS' simiar in its effect to a charioteer trying t ‘
chosen depenczist“:)g :orsesﬁ What further forms arc)el tﬁeg
n how the child has m
thger}'!oc;\éements of the previous exercisesanaged to control
) we continue | would lik '
issur icima. lIke to answer a questi
o ey g wave it Gne wil g e o
. en at wor Looki .
to A . LOOKIN
coii??ér;ll:lseded lemniscates the wave line’s %orl::i:lcsatrung
From the tergatel,y of a swelling and a sucking prin nj!(:"nt
comes to r;:ete}?'t s view, one arch bends outwardpandmgn&
cross each: timelmi'n(F;ngi:r?jrsaz')'There is a threshold he mus(i
be o wing-—at the i :
volt\‘:\ézeinn tt}l?:e two semicircles. Two form priTceigf:;gargo‘mt
in"a row. As x:ve Imc? which consists of semicircles j°i”':<;
otaing, Swines e CraWinE 8 semicircle our arm s in
circlin ; + this is easily done by ev
with agcTa(;'\claenmiim 's the toddler’s first expressic);n ir?rdygr:\?i'nA
from left to right ?\We\{er,. after drawing the first semicircl8
stead of a revg the circling tendency is interrupted and i :
lower half of tirse movement that would be needed fo l}?-
left to right, | atd-c'rde the linear tendency is followed frrt ;
" Unlike the fgrsfiall?gt}:o the Iowsfar half of a second circ?lg1
dent, thi » the center of which lies withi ‘
» this second semicircle has its center outsidemtm; T:u;;
. 4

thems i

her C::‘\;ieéearr;glbec;f}g able to relate to the outside world get
duo conside hoe lf iculty at t‘his point of the drawing Thge
Shapog wate h w, l.or_ a lemniscate or a wave line ‘to sy
hoae Certai ep\)/;e |r}:1mary cond!tions of soul and spirit ar:
e od. It has unh‘ appened with fourteen-year-olds that
follomime mannp FF:_ng against them was avoided in th
chilang ma w?lrl. igure 5A. Every eurythmist knows the
Some children wmrzgniguilthgs?emst.ead o{)a lemniscat:
come : niscate joini

circ msiri\g?erg f:éancsed chlldren will draw a figzllrge tlf?;gg nt:x?
2 &mirrored th ? duch things show that they have to reach
threshold ofagler?misce:til%emem ir P e fo cross the
the inner to the outer form :\éanv;e‘r;rgi where it moves from
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One meets the threshold character of the wave line
everywhere. If we associate contraction with the form princi-
ple of a circle as part of the wave line, and expansion with
the lingar direction from left to right, we discover the law of
metamorphosis in the same way that we discover it
everywhere in nature as contraction and expansion. A wave
line consisting. of semicircles which in a one-sided upward
way develop the contracting element leads to a circle and
finally to a point. Developing the wave line downward and
following the principle of expansion leads to the straight line
which is part of a circle of infinite dimension. (Figure 51.) If
the wave line with which we started consists of geometrically
exact semicircles, it is a threshold between circle and straight
line—or, if we carry this further, a threshold between point
and an infinite straight line which again will develop into a

circle. ‘
The form principle of the bisected lemniscate first appears
in history during the Greek culture—beginning with stone

slabs of early Cretan times. In relation to its threshold
character Rudolf Steiner pointed first to the deep meaning
of the lonic column. In the fifth lecture of his Curative
Education he developed a picture of man by illustrating our
fourfold being with lemniscates that intersect in the chest,
thus dividing the upper and lower part first of all into a head
and a metabolic limb system. The intersection of the lem-
niscate is at the point where the head system (and with it our
day consciousness), illustrated by the upper circle, merges
into the metabolic limb system, illustrated by the lower cir-

cle. This crossing pointisagaint
realms of conscicusness meet: sleeping and waking. It is the
realm of the rhythmic system, where dreams live. If we im-
agine a lemniscate in our face with our eyes as the centers of
the two circles, the intersection will be at the point where
our spatial consciousness focuses. Many of our children in-
dicate by theiposition of their eyes that something is not as it
ought to be! Some adults are also not always capable of
maintaining ‘the normal position of their eyes. Man is
hemmed in by sense impressions that create the boundary
for his experience of the outside world. If he would break
through it with expanded consciousness he would not have
the experience of an enlarged circle but of entering through
a crossing point into supersensible space; there would be a
lemniscate with the. crossing point as threshold to an ex-
panded experience. Rudolf Steiner pointed to the fact that at

he-point wheretwo different



this very spot in man the clairvoyant observes lemniscates as
light phenomena, which are open in the pdrt facing the
cosmos. In quter nature we find the bisected femniscate in
the wave, that is, on the surface where the boundary lies
between two elements. Architecture is full of examples in
which the varied use of the bisected lemniscate illustrates
the level of consciousness of any historical time.
An our exercises we have the children draw the forms
deriving from the wave line as a continuous band. Why?
Whoever has practiced this kind of drawing with children
knows how much will-force is engaged whenia child does
not simply draw a short form but is obliged to carry it
through a whole continuous line. A very special force is be-
ing called forth and strengthened which does. not even exist.
at first in children who are in curative homes. The intellect,
which always wants something new, is now excluded in favor
of a rhythmic movement, which through repetition works
strongly on the will, and which is in itself beautiful. One does .
not let the child give way to his desire for free drawing but
gives him specific tasks which he must carry out with great
precision. In so doing he thereby experiences'the archetypal
laws underlying all forms. Contrary to the poputar belief that
every child is an artist and must not be influenced, the fact is
that a child only accomplishes what he does—often charm-
ing achievements—through the influence of prenatal forces
that still reach into his early years and then gradually fade
away. Every art teacher knows from experience that as a .
child’s intellect develops these abilities disappear without
leaving a trace and that at this time the child is left empty-
handed. Rudolf Steiner has pointed out to Waldorf School
teachers that they should develop in the children a feeling
for form in the realm of art before their urge to copy the out-
er world has awakened. Already at the ‘very beginning of
their school life the children are led to experience the |
curved and the straight line, angles and arcs, etc. Letters of
the alphabet are made to emerge for them out of pictures.
Beginning with their eighth year form drawing is increasingly
practiced. For in their ninth year, when their imagination -
and thinking begin to separate (which until then had been
completely united), the children feel an urge to represent
the newly experienced outside world exactly, that is, in a
naturalistic way. Naturalism is forced upon them more and
more by their growing intellect. They will be protected

-against it if up to their tenth year they have practiced pure
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Iso they have experienced

. A nd if a ;
fofm as art in its own right ork without having to por-

the character of colors in artisticw
rray natural objects.

At this pointones
many exceptions to in¢
development of a chitd. A
of copying the simpiest n

hould say that in curative yvork one fmds]
the rules that underlie thg norng;w

fourteen-year-old was incapabie
onobjective form. When é\ae v‘\/%?;
Jiven the task of drawing simple ob;.ec;: qf'n?r\\/:zatey e
\3"1.:h he knew and w}(wji(‘%hiﬁanfvlvf-:elir;::zj irstt1he s e

§ e

e :Fers::rftiev?/;ichaheyhad been incapable of ddr’aw-
psed f(f)m:; The impressions of forms from his surro;‘{n lbn‘%s:
e g 'Qrﬁtv d something in him that brought about this abi e
hd} iaec’twl\e;?i io;originally been capable pf reprodﬁ.cmgaésleplf;e
‘f'i,'-,.m tlhat was not related to an obje.ct.hlnc;”\érgn 2 e
r;‘:cbgnize the feeble-minded children: the

ing instead of
¥ althy eyes, are staring inste
even though they Dae o gt snffi'ciently involved in the

sk hose ego-force is n ler '
‘ZZ;kr:ng;;r\g/cess. A%ourteen-yea,r-old of this grol{xp\:\;:\; \;;sg?;
S'-*t urg'xable to form a sentence, who f:qgld only utter singte
?I\f‘"dr was also incapable of distinguishing a tl’lf gnd S
o fé After doing form drawing for three years, af naving
?quiec'ognize and draw ever more compl‘exmc:;]r:3 . e
ﬁzcceeded in drawing quite Comphca;edgnteo,‘ florrn same
time his speech devdelopled, gede{i?éz(fy o o king
or his body develope ‘ \ )
S‘}'(r)‘;znfsi/\?thoughyhe had not learned a single Irt.at-.er :rr; ;,Of
;:'m fourteenth year in spite gf gar:.naet §<f3fsc;irttwsieoi?1 {EZ fpollow~
: d parents, it now nec Ossi! ' .
.teacheear:satno tgach him to reag‘l and write in a Sflmf,lti;ﬁ)yne
IngA)éain and again Rudolf Steiner points to the acb hat one
should not teach calligraphydas a Sge:lnatlifzuibljfncet; geautiful
ild should learn to draw Dbe | , ;
g::?vg?la‘nd angles, and artistic forms in gengrai.};rhedn f:;ati\’:/lll
have all the preparation he needs for beagtlful ar‘:' w witg};
A teacher must be wide-awake whllg working with
children. By sensing and perceiving_the |nabzht|:(s)ucl)d n
dividual children he will kr;\ow whabt his r:ef):itnsgeé)v; ° chi!d’;
i i c
ans that in a sense.he is to be watching |
z:;t@:r following his movemients, egper‘:gngchgww;‘hgsgizg
i ’ I ild’s ability is breakin
line halts, when the child’sa 8 ‘ 2 to
i ituti i the teacher is learning
his constitution. In this way : f 8 e
i : ing, he wi i a preparatory form the
5. For one thing, he will finc ry f
tY::a‘ll';l)bthe child. Then, confirmed by many similar cases, he
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will realize that with that kind of constitution a child is not

yet capable of coping with this specific form

principle. In this

way, out of the children’s ability or lack of ability, the teacher
is learning the relationship of the forms and their inherent

laws to the human being. Very soon he will

know what new

form principle he can expect the children to draw, or

whether for a while he ought to vary the forms the children

have already learnt.

The great differences in the will-forces and in the imagina-

tion of various children soon lead a teach

er to individual

guidance. This enables him, while progressing. slowly, to

bring each child’s impulses of movement

with increasing

sureness into controlled drawing. He is greatly helped by the

children’s joy in doing these exercises. Wi

th the group of

feebleminded he must give most of his effort, to begin with,
to stimulating their observation, finding it confirmed in their
correct reproduction of the forms. With other children he

must stress a clean and exact rendering. All't

he children who

have difficuity incarnating are inclined to draw too quickly
and inexactly. Hyperactive children usually dash off their
forms with strong strokes. One often feels that the ego is not
really involved, and the strangest skills are revealed. A cer-

tain craftiness shows up, which comes f
centered movements of the astral body. Tell
to draw more slowly does not help. They n

rom the organ
ing the children
eed to be given

symmetry is only possible with increased wakefulness. Also

all forms requiring a reverse movement in

crease alertness

and do not allow the child’s attention to wander for a mo-
ment. (Figure 30.) All those forms which contain a movement
that becomes increasingly more complex, are helpful in

bringing the ego into action, Diagonal sym

metries (Figures

8-11 etc.), intersecting forms, or forms that are not based on

a geometric system and that are therefore di
require the highest degree of wakefulness

fficult to follow,
while drawing.

Children who are unable to let go of their mental images,
who tend to have fixed ideas, often find it difficult to draw
curved forms. (Curative Education, fifth lecture.) Again and
again angles appear in their work—which points to excessive
head involvement. It is a great help to give.them free-

swinging, round forms (Figures 13 and 20),
tremely varied assignments for them so tha
stantly be confronted by new situations. ‘
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diminishing and finally disappearing and memory is failing, \ d the w
one'should draw on the board a form that is well adapted to Once the children have gone peyond the wa-t o
: nave dgrawn @ sequence of metamorphoses (Figures 1-4..,

the child but not too easily grasped, and have the child ( the straight line

in the reverse situation, when mental images are ] ) o
the child’s life will lead eventually to norma.
!
b sood to develop similar forms out O
¥

observe it carefully, then it should be rubbed out and the 15 g : 4 S .
child required to draw it from memory. ' (Figures 24-34), and iater on to© combine the two (Figure
Rudolf Steiner points to the fact thatin general all drawing 443, W‘hen we draw & ;urve.d form we feel hol'v:,' Otw M v ‘(
leads to dreaminess and has a strongly loosening effect. He . ing will becomes active. A s'tralgiht form which agmxf. ﬁnu
recommends it as therapy,therefore,for children whose ¢go again suddenly changes direction requires our fu est

“of wakefulness at each turn if the drawing is to be beautiful. To

has been absorbed too strongly by the other members 0!

their organism .nd who, in extreme Cases, even show chiidren who Hvestrong\yintheirimellect, those corners are

criminal tendenuiés. One could ask the question: what . a definite support for their inherent talent and they find it |

about the chiidren who do not tend in this direction? Many easy to manage them. There are also forms that are rela;efj tho

years’ experience shows that drawing brings about a great feeling. Working from the head down we.have the straight

inner liveliness—which confirms Rudolf Steiner’s indication. . forms; working upwards from the metabolic system(;/ve han

And yet one observes that the children manage (o control ~ the round forms. A combination of straight an h "O‘g,‘

this liveliness during their drawing. This is because the draw- " relates to the middie system. The .teac.her who has ais-,
covered.this through his own practicing finds a large field of

ing has to do with forms, and one cannot cope with them ! : . binati :
unless one tries 10 establish harmony within oneself. ~ activity -open to him. He will use these com matllonshln
Through this very effort the children actually enhance their bands of rhythmltlzaﬂy fe-peatgd forms, for they appealtol hat
illness and then learn to overcome it. Especially hyperactive part of the child’s ubemg which is predominant during the
children show breathless silence during their work. Again elementary school 'years. _—
and again they romark that this is their favorite lessom, and After the band exercises One.W'” introduce the VOS‘{ttcje- It
there is almost always a strona aitachment to the teacher . will be de‘ve\oped out of the circle, for which the children
who has bean instrumental in bringing about their harmany. are permxtted to use a compass. Any subdivision © it,
' wn freehand in order to train the

however, should be dra .
se of balance. If the form motif is tO be repeated in the X

- spaces that result from subdivision it is important to draw it
- on the board in one space only and to have the children
draw it into the other spaces within their circle without tur-
ning the paper. The less symmetrical the motif is, the more
difficult will the task be. These exercises develop imagina-
tion very strongly. The task can gradually be made more
complex. The movement of a second and_ third line,
rhythmically repeated in each segment aapd adjusted to the
 existing forms, requires tremendous wakefulness. Through
his comparing them with great care—one segment ought to

in order that a child’ssoul may thoroughly take hold an
penetrate his physical body so that the process of incarna-
tion is complete, an inner experience of the boundaries of
his own body is necessary for the child, as Rudolf Steiner’s
spiritual science indicates. If he lives with his soul and-spirit
being at times 100 far out of his body, at times too far within
it, the teacher must help by guiding him toward his actuat
contour. Once the child’s attitude /1 can’t, | don‘t want to”’
has been overcome, the teacher can have the experience <
during the drawing that a moment comes when the child
does feel himself to be within his skin. In the opposite case,

sen

when a child is actually prevented from establishing a proper T <

relationship with his environment because his soul is ¢ correspond to the O‘he”‘thth‘ld s sense of movement af‘g

blocked within one of his physical organs, dynamic drawing of balance are strongly ?tha‘ed 3_”d tramgd. The chil

will help to start the process of incarnation going again. A should be asked to draw simple motifs consisting of curve

perfect drawing is only possible in either case if a complete forms and then to change them into .s\ralght. ones wit

incarnation has been achieved by the child during his araw- angles. Guided by the _teacher, he.shpuld invent Slmg_)le exer-

ing. Even if after the drawing period the normality again dis- Cives of metamorphosts himself, similar to Figures 62 and 63. L

appears, the frequent achievement of such improvement in Forms that are changing through expanston and contraction - 7 b o\
: ought to be practiced. /,&00/.,.\’-{,,\ N

-p T >
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Relationships of tension, as shown in Figures 52-61 and in-
dicated by arrows, have as their starting point pure
geometrical forms. As tension we mean here what is working
as an interval between lines, forms or colors. The circle has a
relationship of tension that is uniformly distributed since its
radii meet the periphery at all points with equal length. It is
the same with the arc as part of a circle. In case of a change
by increasing the radius at one point, a relationship of ten-
sion occurs as indicated in Figures 54-57. The child must
gradually become conscious of the invisible stress of forces
within a drawing and learn to organize and control them.
This requires the greatest alertness at every moment. What
has already been created must be raised quickly into the
realm of idea; then the child’s imagination will be stimulated
by it again and again and dominate further work.

Since all this is taking place in an artistic realm it is helping
the child to develop his so-called lower senses: the sense of
touch, the life sense, the sense of movement and of balance.
If these four senses are not developed in the human artistic
realm, if they are merely used in passive response to the
demands of our technological world, a basis for their sound
development will be missing. As we know, the small child is

not yet capable of confronting his. perceptions with concepts ‘

as an adult does. Concept and perception are to a certain
degree still united. That is why his experiences, coming as

T they dofrom-sense-impressions, are so intense and why they |
even work formatively into his physical-—body—OQur_ £

technological civilization forces extremely aggressive sense
impressions upon the child which are alien to his soul life.
They do severe damage. The teacher must create a counter-
balance by providing many sense impressions for him out of
a purely human sphere. Apart from the artistic activity the
teacher’s own mellow voice, a vivid pictorial manner of
speaking, and the arrangement of the child’s day into a
rhythm that is quite the opposite of a motor beat, are things
that should help to overcome the sense impressions deriving
from technology. Our four lower senses need to unfold
through sense .perceptions deriving from human inter-
course, not from technology. For they are the foundation
upon which the sense of speech, sense of thought and sense
of the ego have to be based. We know of the connection
between movement and speech. Imagination that has been
developed through artistic activity leads to thinking that
goes beyond intellectual thinking. Sense perceptions that

16 o
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pressions of other human beings.

If the teacher feels that through a child’s practice the ar-
tistic laws of form and harmony have become a part of his
being, it is good to let him begin to work on his own, Forms
from nature and geometrical forms should not be included
in the assignments. At this oint the result in most cases is
that the child will bring to his work a wealth of ability and
understanding. The practiced laws have become his proper-
ty and are now his own individual language. Children’s
achievements differ greatly. While some child who has been
drawing from his early years without guidance is now empty-
handed, these children who have had all' this training are
i ve wealth. They have not spent
themselves; they have Used the years for constructive learn-
ing. If a child has been left to create freely at too early an age
his artistic output now will be like a child’s playing on the
violin who has not previously iearned fingering or bowing.
Something ill and frequently one-sided will be apparent in
his work. The freely created forms, however, do point to the
fact that the child has acquired the ability to lift himself again
and again into a normal state while drawing. Looking
together at his pictures when the lesson is over will calm the
excitement that has arisen while he was drawing.

In developing the forms, beginning with the wave line, itis
the teacher’s task gradually to.leave the realm of geometry
that has had an extremely harmonizing effect upon the child
and to introduce him to the world of living, dynamic forms.
To imagine a geometrical circle as sun in a picture by van
Gogh is impossible; it will at once be felt as a foreign body.
At this point divine and human ways separate. A strictly
organized system is quite different from human creativeness
that in every work of art finds its own laws freely and
specifically provided for it. A child will bring intense
seriousness to his own creative activity if previously he has
practiced sufficiently. The creative process will frequently be
interrupted; he will be looking at what he has done and con-
sidering it and, stimulated by it, his imagination will be find-
ing highly individual solutions as he continues to work. The
teacher witnessing this Creativity feels deep reverence for
the child’s work and for the spirit being active in it. The arti-

18
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cle, Image-Creating Powers of the Soul (by Franz Loffler, in
this book, untranslated), tells how a child fashioned an
animal out of a chestnut shell and during a meal put it in
front of him. Another child asked him why he did this. When
the second child was asked what he thought it was, he
replied: “Why, a chestnut shell.”” This story leads us to the
concept of perception and imagination. Nowadays the latter
is smothered in our children much too soon, partly by the in-
tellectual environment provided them by adults, partly by
inartistic teaching in our schools—schools which even for
small children see their ideal in an accumulation of concepts
and definitions. With affected grownup wisdom and
prematurely old faces the little ones are silent accusers of
our civilisation—which does not even know how to make a
toy for a child anymore. Imitating what fills the adults’ daily
life, it lets the children do the same with mechanics and elec-
tricity. :

A ():llass of children practicing some art can be divided into
those who are more imaginative and those who are more
observant. In our particular setting it is a help not to seat the
children of the same type together. Those with imaginative
talent will always push ahead into the unlimited realm of
forms and will surprise one by what they undertake. Again
and again one of them will find new artistic elements which
he then adapts in his individual way and they then become
the property of the whole class. Copying is here out of the
question since in most cases this would be too difficult. But

the impulse ‘of movement basic to the form has been ex- .

perienced by the others as thei watched their classmate and
appears again in their own work, In that way each class has its
own character. It is not advisable with the children who tend
more toward observation to let an object appear in their
drawing. Only after they have had much practice will one be
sure that their work does not fall to a rather banal, inartistic
level. The imaginative children should be brought closer to
the realm of observation. The teacher can do this by helping
them to see picture content in their freely created form:s.
However, he should be on his guard against naturalistic, in-
artistic elements. The language of pure gesture ought to be
taught and ought to determine the picture’s content. In do-
ing this it is important that the effect be intuitively creative
instead of naturalistic. In Waldorf School pedagogy this ap-
proach to the child is encouraged by developing thinking in
the lower grades by way of the will and the feeling. Lively im-

19
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agination in dynamic drawing develops abilities for painting,
woodwork and handwork. This kind of drawing begins to
mobilize the metabolic limb system, but the activity itself is "
carried out by the rhythmic man who receives directions
from the head. It is an activity that involves all three soul
principles and harmonizes them. We have moved from
creative chaos through man’s middle system towards the
ordered world of beauty. Therefore dynamic drawing is an

important means of therapy, on a level with painting with

pure color, black-and-white drawing and wood carving.

We dealt with exercises based on the band and on the
rosette. Now we would like to draw attention to the dynamic
line that with the help of rhythm is covering a whole surface.
(The paper should be as large as possible for this work.)

A child who takes his crayon and divides his drawing paper
in half is using the same force that is at work when an infant
raises his head or when he stands up and finally walks. The
single stages of this development are its visible turning
points. This struggle for the vertical makes us aware of the
dimensions above and below, left and right, front and back.
Humanity as a whole had achieved a new step in its ego-
development when during the Renaissance the laws of
depth in space were discovered. Rudolf Steiner gave
Waldorf teachers exercises:in symmetry that stimulate ego-
activity. This is the force that makes us walk in space without
falling down. It constantly balances our left-and-
rightsidedness. It makes us an upright human being in a
physical and also a spiritual sense.

Il a targer connection this activity corresponds to what
our ego experiences in sleep as compared to our day con-
sciousness, and to life after death in its mirroring of our
physical life on earth. In the physical realm logical thinking
seems to go forward, while the reverse happens as mirror

image when we erfter the realm of the etheric.

If we look at the human figures of Egyptian and Greek art

.we can see how the vertical is emphasized. Actually this ver-
‘tical is contained in every piece of art. It is the artist’s active
 Creative ego that unconsciously—just as in walking—
-determines orientation in space. ‘

Letting retarded children begin by tracing the vertical has
repeatedly been confirmed to be successful. Then one can
%0 on drawing parallel lines close to one another, thus
creating a rhythmically organized surface. The first line’s
dynamic quality is spreading over this surface. The child’s

21



riext experience should be learning to draw a horizontal
lire. Pointing to the starry sky above us’and to the horizon
around us will relate these two main directions to their
cosmic significance.

After working with the horizontal fine in rhythmical
patterns we can take up. the streaming of the diagonal. The
point of intersection can determine the beginning of a new
activity. When we think of a straight line we are directing our
consciousness to the shortest distance between two points,
" but when we form a spiral our attention is focused on the

distance between the lines and on the developing curve. In
this activity the ego is controlling the astral body.

For children who can only very slowly take hold of their
metabolic limb system, for whom, therefore, the bringing of
this system into movement is part of our therapy, drawing a
spiral with its uninterrupted movement is very beneficial.
(Picture 1.) ‘ '

For hyperactive children one should introduce
rhythmically repeated interruptions. For instance, one will
start with a point and draw a circle around it and then con-
tinue to draw more complete circles around the first ones.
(Picture 11.) A stone falling into water ‘“draws” the same
design. This points to a connection with the etheric, On the
other hand Picture I. reminds us of a whirl of air, which
points to a connection with the astral. : '

A breathing process is at work in an unwinding spiral that
is leading over into an involving one, At the same time we
are experiencing expansion and contraction as basic prin-
ciples of life processes belonging to metamorphosis.

Further compositions with thé straight line and the curve
—with and without intersections—lead to a realm of un-
limited possibilities. After sufficient practice of the flow of
parallel lines, which is important as a beginning, one should
go on by stressing the characteriof tensions belonging to in-
tervals. Tensions come about when, because of an obstruc-
tion, lines take narrow distances from one another and then
spread apart again when the area is free. (See drawing on last
page.) The surface is moving irito a flow without fixing in-
dividual forms by lines. Lumber from various kinds of trees
shows how from year to year forms have come into being in
a living process. Experiencing these forms in a room with
wooden walls gives one a heightened feeling of well-being.
Similarly while practicing with the child we can repeat a

A\

] }his exercise the etheric and the
- in the activity of the ego.

\\ _

moving line in various rhythmic ways and make it Breathe in
astral are finding harmony
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Unison (1:1): a spiral, a spiral drawn the same way over a
spiral, and a spiral draum the opposite way over a spiral.
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INTRODUCTION
1

Many of the drawings in this book were produced by a simple
scientific instrument known as a harmonograph, an invention
attributed to a Professor Blackburn in 1844. Toward the end
of the nineteenth century these instruments seem to have been
in vogue. Victorian‘gentlemen and ladies would attend soirées
or conversaziones, gathering around the instruments and
exclaiming in wonder as they watched the beautiful and
mysterious drawings appear. A shop in London sold portable
models that could be folded into a case and taken to a party.
There may well be some of these instruments hidden in attics
all over the world. '

From the mament I first saw drawings of this kind I was
hooked. - Not ,only because of their strange beauty, but be-
cause they seemed to have a meaning—a meaning that became
clearer and deeper as I found out how to make and operate
a harmonograph. The instrument draws pictures of musical

harmonies, linking sight and sound. -
However, before going any further I feel I should issue a health

warning. If you too are tempted to follow this path, beware! It
is both fascinating and time-consuming.

I have acknowledged my debt to the book Harmonic Vibrations.
It was coming across this book in a library soon after the end of
the second world war that introduced me to the harmonograph.
Seeing that the book had been published by a firm of scientifilg-

instrument makers on Wigmore Street I went one day to see if -

1



¥ they were still there. They were, though reduced merely to

making and selling projectors. I went into the shop and held up
my library copy of the book for the elderly man behind the

e S e ey

counter to see, |
“Have you any copies of this book left?” | asked him. ;
He stared at me 3 though I were some sort of ghost and i
shuffled away without a word, returning in a few minutes with ‘

a dusty, unbound copy of the book. |

“That’s marvelous,” | said, “how much do you want for it?”

“Take 1t,” he said, “it’s our last copy,
tomorrow.”

So I have always fe]

and we're closing down

t that someday I must write this book.
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THE DISCOVERY OF HARMONY

on passing a blacksmith

To understand what the harmonograph ‘does we need first to
glance at the elements of musical theory. - | '

Pythagoras, some 2,500 years ago, is credited with discovering
that the pleasing experience of musical harmony comes when the -
. Tatio of the frequencies consists of simple numbers. A tale tells
how while taking a walk he passed a blacksmith’s shop. Hearing
familiar harmonies in the ringing tones of the hammers on the
. anvil, he went in and was able to determine it was the weights ‘
of the hammers that were responsible for the relative notes.

A hammer weighing half as much as another sounded a note
twice as high: an octave (2:1). A pair weighing 3:2 sounded
beautiful, a fifth apart. Simple ratios made appeafing sounds.

The pictures opposite show experiments the philosopher went
on to make (from Gafurio’s Theorica Musice, 1492), as he found
that all simple musical instruments work in much: the same way, / 9

= eyt e g

- T em————————c e .

whether they are struck, plucked, or blown. ,

Deeply impressed by this link between music and number,
Pythagoras drew the metaphysical conclusion that all hature
consists of harmony arising from ntmber, precursor to the
modern physicist’s assumption that nature conforms to laws
expressed in mathematical form. Looking at the pictures you
will see that in every example—hammers, bells, cu'ps, weights, or
pipes—the same numbers appear: 16, 12, 9, 8, 6, and 4. These
numbers can be paired in quite a few ways, all of them pleasant
to the ear, and, as we shall see, also pleasant to the eye.

S <77
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THE MONOCHORD OF CREATION

¥ a singular string theory

There are seven octaves in the keyboard of a piano and nearly
eleven in the total range of sound heard by the average person.
The highest note of each octave has a frequency twice that of the
first so the frequencies increase exponentially, on a scale begin-
ning at 16 oscillations per second: (16 Hertz) with the lowest
organ note and ending with about 20,000 per second. Below 16 5
Hertz we experience rthythm, A range of ten octaves represents ‘
about a thousandfold increase in frequency (20 = 10%).
There is a hint here of what we can think of as the great
monochord of the universe, also on a scale, this time stretching
wirom a single quantum fluctuation at the bottom, to the
observable universe at the top, passing through the various

3

“octaves™of L0 MmIolectle; quantities of solid, liquid, and
gascous matter; creatures great and small; planets; stars; and .
galaxies. Here too the scale is exponential, but usually measured
in powers of ten, and covering a range of more than 104",
Robert Fludd’s seventeenth-century engraving (opposite) tells a
similar story: The musical scale follows the same exponential
principle underlying the design of the universe, -

) 'lgaaxy"
clustérs
e b i

=20 -1 =10 - 1
Meters 16 10 o S 10° 10% 1 3 2 25

RPN G [T




OVERTONES AND INTERVALS

harmonic ratios in and outside_f the octave

How are musical scales constructed? Listen véw carefully as you
pluck a string and you will hear not only the main note, or fonic,
but also a multitude of other harmonics, the overtones.

The principle is one of harmonic resonance, and affects not only
strings and ringing hammers, but columns of air and plates too.
Touching a string with a feather at the halfway or third point, as
shown below, encourages regularly spaced stationary points, called
nodes, and an overtone can be produced by bowing the shorter
side. The first three overtones are shown opposite (top).

Musicians, however, need notes with intervals a little closer
together than the overtone series, which hatmonize within an
octave. The lower diagram opposite shows the overtone series
on the left, and the intervals developing within the octave on the
right, in order of increasing dissonance, or complexity.

“All discord harmony not understood” wrote Alexander Pope.
The brain seems to grasp easily the relationships implicit in
simple harmonies, an achievement bringing ;pleasure; but with
increasing complexity it falters and then fails, and failure is always
unpleasant. For most people enjoyment fades as discord increas-
es, toward the end of the series opposite. And, as we shall see,
that is where the harmonograph drawings fade too.

" anda major third "

tonte, 1t

The Finst trterval |

21-octave ’ octave, 21

The Secomid Overtone The Sevond Interal

1~ fiftfabove the octave ' ﬁﬁﬁ FER ‘

TheThinf Owertme
41~ two octaves

The Fourth Owrtone - "\ heFourth el
§:1 = two octaves :
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n'u Tifth Cwrrtone . The A tnrerval
6:1 - two octaves : minor third, 65

and a fift
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o HALFTONES
the fifth and the octave get their names

Pythagoras’s hammers hide a set of relationships dominated by
octaves (2:1), fifths (3:2), and fourths (4:3). The fifth and fourth
combine to make an octave (3:2x4:3=2:1), and the difference
between them (3:2+4:3) is called a whole tone, value 9:8,
A natural pattern quickly evolves, producing seven discrete
, nodes (or notes), separated by two halftones and five whole tones,
| like the sun, moon, and five planets of the ancient world.
The fifth (3:2) naturally divides into a major third and minor
| third (3:2=5:4x6:5), the major third basically consisting of two
whole tones, and the minor third of a whole tone and a halftone.
wg@ <can be placed major before minor (to"give the major
scale shown in the third rom or in other ways,
Depending on your harmonic moves, or melody, different
tunings appear, for example two perfect whole tones (9:8x9:8 =
81:64) are not in fact the perfect major third 5:4, but are slightly
sharp as 81:80 (the syntonic or synoptic comma, the Indian sruti, or
comma of Didymus), which will be discussed more later.
Simple ratios, the octave and fifth, have given rise to a basic
scale, a pattern of whole tones and halftones and, depending on
where in the sequence you call home, seven modes are possible.
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The basic manifestation of the scale. In Pythagorean tuning all whole tones are exactly 9:8, creating the leimma
halftone of 256:243 between its major third (8 1:64) and the perfect fourth (4:3). The sixth and the seventh are
defined as successive perfect whole tones above the fifih.

In Diatonic tuning the major third is perfect at 5:4, which squeezes the second wholé tone to 10:9 (a minor ‘
whole tone), leaving 16:15 as the diatonic halftone up to the fourth. The diatonic sixth is 5:3, a major third
above the fourth, a minor whole tone above the fifth. The diatonic seventh (15:8) is a major whole tone above
that, a major third above the fifth and a halfione below the octave.
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the power of silence

The simple ratios of the primary overtones-and undertones can
be plotted on an ancient grid known as a lambdoma (opposite, top),
after the greek letter A. Some intervals are the same (8:4=6:3 =
4:2=2:1), and if lines are drawn through these it quickly
becomes apparent that the identities converge on the silent and
mysterious ratio 0:0, which is outside the diagram.

A further contemplative device used by the Pythagoreans was
the Tetraktys, a triangle of ten elements arranged in four rows
(142+3+4=10). The basic form is given opposite, lower left,
the first three rows producing the simple intervals. In another
lambdoma (opposite, lower right), numbers aré doubled down the
left side and tripled down the right, creating tones horizontally
separated from their neighbors by perfect fifths. After the trinity

(1, 2, and 3) notice the numbers produced, 4, 6, 8, 9, 12, and

then look again at the picture on page 5.
Below are interval positions on a monochord.

Pythagorean and medieval tunings, called 3-limit, recognized no true intervals except for ratios involving

1, 2, and 3. The lambdoma below, right expresses this numerically as any element relates to any.
neighbor by ratios only involving 1, 2, and 3, so we can move around by octaves and fifths. Squarﬁ
(4=22, 9=3%) and cubic volumes (8=2°, 27=3°) also appear. Add further rows and the numbers for

the Pythagorean scale soon appear—1 9:8 64:81 4:3 3:2 27:16 16:9 2:1. This hasj"ourﬁfths

and five fourths but no perfect thirds or sixths. These came later with the diatonic scale and its perfect

thirds (6:5:4) as polyphony and chords slowly took over fro




LISSAJoUS FIGURES

[ | sound made shape

In the mid-nineteenth century, Jules Lissajous, a French
mathematician, devised an experiment: He found that if small.
" mirror was placed at the tip of a tuning fork, and a light beam
- Was aimed at it, the vibration could be thrown onto a dark |
screen.  When the tuning fork was struck, a small vertica] line
was produced, and if quickly cast sideways with another mirror
it produced a sine wave (below).

Lissajous wondered what would happen if instead of casting
the wave sideways he were to place another tuning fork at right |
angles to the first to give the lateral motion. He found that |

7~\--x.un.in.g..ﬁgr.ks-with_r.elati_v_e__fnquﬁ.ngi_tzs_in_§i.mple ratios produced |

beautiful shapes, now known as Lissajous figures, |
On the screen (opposite, top), we see the octave (2:1) as a figure ll

eight, and below it varjous phases of the major and minor third. ;

These were some of the first fleeting pictures of harmony, which

were doubtless familiar to Professor Blackburn when he devised

the harmonograph.
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THE PENDULUM

keeping time

A fundamental law of physics (in one formufation) states that left
to itself any closed system will always change toward a state of
equilibrium from which no further change is possible.

A pendulum is a good example. Pulled off center to start, it is
in a state of extreme disequilibrium. Released, the momentum
of its swing carries it through to nearly the same point on the
other side. As it swings it loses energy in the form of heat-from
friction at the fulcrum and brushing against the air. Eventually
the pendulum runs down, finally coming to rest in a state of
equilibrium at the center of its swing.

Going back 500 years, Galileo, watching a swinging lamp in
the cathedral of Pisa, realized the frequency of a pendulum’s beat
depends on its length: The longer the pendulum the lower the
frequency. So the frequency can be varied at will by fixing the

weight at different heights. Most important, as the pendulum

runs down, the frequency stays the same. _

Here, therefore, is a perfect way to represeént a musical tone,
slowed down by a factor of about a thousand to the level of
human visual perception. For a simple harmonograph two
pendulums are used to represent a harmony, one with the
weight kept at its lowest point, while the weight on the other is
moved to wherever it will produce the required ratio.

As we shall see, the harmonograph combines these two
vibrations into a single drawing, just as two musical tones
sounded together produce a single complex sound.

16
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Interval Approx. Diatonic Length Freq.
The theoretical length of the variable pendulum’ Name A%te Rao (cm) ()
that will produce each harmony can be ome © 2B 60
caleulated, for the frequency of a pendulum w5 55 28 63

varies inversely with the square root of itsA
length. This means that while the frequency MnTth B 95 247 594
Maj.6th A 53 288 558

doubles within the octave, the length of the

endulum is reduced by a factor of four, H | |

’ Figures are given for a pendulum 32 inches Min.6th G 85 312 S36
(80 cm.) long, a convenient length for a hfxr- i 5t ¢ 32 36 03
monograph. These_theoretical markers provide
useful “sighting shots” for most of the harmo- H ith P43 450 447
nies. Note that the pendulm: length is }nfze H W B 54 sz 419

t ter o

s:;;dh tfrom the fulerum to the cen | i b 6 6 1
weight.

2nd D 98 62 317

T 1T 1T

Unison  C 8. 3

i

When a pendulum is pulled back and then released, fhe
weight tries to fall toward the center of the Earth, accelerating
as it does so. As the pendulum runs down, the rate f’f
acceleration, and so the speed of travel, is reduced, but in

| proportion to the distance of travel.
equ;h}e’ re};ult is that the period (the time taken for tl'UO beats)
or the number of periods in a given unit of time (the
frequency) remains unchanged. In the picture to the left the
frequencies of beats x and y are the same.

For the pendulum formula, see page 53.
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: WO HARMONOGRAPHS
N lateral and rotary

In the simplest version of the harmonograph two pendulums are
suspended through holes in 3 table, swinging at right angles to
one another. Projected above the table, the shaft of one
pendulum carries 3 platform with 4 piece of paper clipped to it,
while the shaft of the other pendulum carries an arm with 4 pen.
As the pendulums swing, the pen makes 3 drawing that is the
result of their combined motjop (opposite, left side). Both pen-
dulums begin with the same length, one is then shortened by
sliding the weight upward and securing it with clamp at various
points. The harmonic ratjog can be displayed in turn.
1’4 By using three pendulums, however, two circular, or rotary,

C T movements—camrbe *c'ombi'n'edﬁwith—fa‘schmti'ng"*resu'lts—(vppm'fe; ------- -

right side). Two of the pendulums swing at right angles as before.

but are now both connected by arms to the pen, which in a]] .

rotary designs describes 2 simple circle.

Situated under the circling pen, the third and variable
pendulum is mounted on gimbals, a device familiar to anyone
who has had to use 2 compass or cooking stove at sea. Here it
4Cts as a rotary bearing, enabling the pendulum carrying the table
to swing in a second circle under the pen. As the pen 1s lowered

the two circles are combined on the paper.

A further source of variation is also introduced here, for the

-4 two circular motions can swing in the same (concurrent) or

opposite (countercurrent) directions, producing drawings with
very different characteristics,

18
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hs and some of the simple patters , -pendulum, rotary har-
T h“""j"f‘i{’;f;’;‘e:: {open aﬁd closed phase); on the right the three-pendulu
version an :

Y 1 . L4 { { ( /£ t).
{ i current tmd
o 10& ap’l a ld ”S d aunngs (f()n urrent countercurren



SIMPLE UNISON——l:I | | ‘

and the arrow of time

The simplest harmonograph drawing is- produced when both
pendulums are the same length and the table js stationary. With
the pen held off the paper both pendulums are pulled back to
their highest points. One is released, followed by the other
when the first is at its midpoint. The pen is then lowered onto
the paper to produce a circle developing into a single spiral.

If the two.pendulums are released together then the result will
be a straight diagonal line across the paper, the “closed” phase
of the harmony, as opposed to the circular “open” phase. At
intermediate phase points elliptical forms dppear (below).

The running-down of harmonograph pendulums is an exact
parallel to the fading of musical notes produced by plucked
strings, and can also be thought of a graphically representing the

“arrow of time” (opposite), with the unchanging ratios of the

frequencies representing the eternal character of natural law.
The characteristics of the drawings result from the meeting of
the running-down process with the laws represented by the
various frequency ratios. We see that music, like the world, is
formed from unchanging mathematical principles deployed in
time, creating complexity, variety, and beanty.

e

S

: -now-after), was vividly
The incxorable direction of change, linked to the asymmetry oj:‘ttmc (b‘ifor; :li‘::"; z:{flr‘)};youghout the
d»:m’bcd' by the scientist Arthur Eddington ( 1882—19.44). as thekanotz;;f y er;ergy S ntes a
P;ocess of continuing universal degradation, the iwmdlmf fstoc 1:{ " frm the ntracton of
) i thematical formulas, .

: ed physical laws conforming to ma ) ishing complexit
hzerarchy:fnﬁ ; Iiw}; with the arow of time comes a changmg wofh.i of astomsh::;e uiﬁbriu z»
e fifeaﬁty The pendulum runs down from a state of dxsethbnumFto onesmgofextreme
variety, an . ; i losed system. From a

the ultimate closed sy
is true, we are told, of the universe, ' , dark, frozen
ar.td th‘fl.sz "'Le ";Si‘ Pl;mged via li;e Big Bang toward its future ul.tzmate stateIof'utt:i);l Sﬁ,ma{i’on of
d”e'q['LZ o Between the beginning and the end there is a continual, cumulative
equilibrium.

, ” l ‘ ] I
uscju e"e'g’l mpa € 0, Ol”mlg lelupo’a” Slluclules an caus”’g ete”ts, ”1:0 useiess e wlg) oreyje

lost.




involve 4 principle widespread i nature as well a5 in the work
of many artjges. There is 5 particular charm i the near mis.
An example from MUSIC suggests jtse]f here. When two notes

¢ sounded in peyy unison, the slight difference n - their

frequencies cap often add richness or character to the sound,

The two reed; producing single note ip , p1ano accordian have

slightly differen; frequencies, the small departure from unison

causing beqfs, Warbling or throbbing sound (see page 53).

- . Set the weights for unjson and then shortep, the variable

; ﬂ pendulum slightly. Swing the pendulums {Q_?_g@_p_h@.sﬁ.,—w S

| ducing a circle turning_i.nt-e—an--irrcr‘e‘a's‘ih’gl'y narrow ellipse and |
then"a Tine. |f the pen allowed tq continue, the Jine will !(
change into , Widening ellipse, 5 circle, and 3 Jipe again at right
angles to the first. And so on. Tpe Instrument s working jts

[ 3 . p O

=
o .‘\)‘-.‘
NN SO
S S
R
A

repetitive pattern Tepresents beats with increasing frequency

thot-i_gh even here there i a hint of some higher number pattern,

i 4 For most people this fading of visya] harmony occurs at aboyt
" the same point as the audip)e harmonies fyde.

23

22




ROTARY UNISON—] ]

€835 and shells

Unison in contrary motion prodyces , straight line across the
Paper, like the cloged phase of latera] unison. From concurrent

motion there comes 4 mere dot that turns inge a line struggling

of beautifu], often shell-like, forms with fine cross hatchings. For

best results lift the pen off the paper wel] before the pendulumg
reach equilibriym, :
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THE LATERAL OCTAVE—2:1
figure eights angd wings

After unison the next harmon

Y to try is the octave. Here there
is a technical difficulty: The variab]

€ pendulum has to be very
short, and because of the greater amount of friction involved jt
runs down quickly. The trick s to add a weight to the top of
the invariable pendulum, which slows it down (see fitle page).
The variable pendulum can then be longer.
Unfortunately this means that for ¢
where one pendul

um is going much faster thap the other, the
theoretical markers have to be ignored, and the right point found
by trial and error.

With one pendulum beatin
the other, the octave in o

pen phase takes the form of a-figur
repeated in diminishing size as the pendu-
lum runs down.

If both pendulums are released at the same time to produce the
closed phase, the result js 3 cup-shaped line that develops into a
beautiful winged form with fine cross-hatchings and interference

patterns. Small adjustments produce striking variations.
The octave s the firse overtone (

see page 8),

26

i
he octave, and other ratios / '
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- THE ROTARY Octave—).q

hearts gngd trz'angles

beautiful of 4] harmonograph drawings: simple, graceful, and
often surprising, Remember, 4] that is 'happening here is thye
-two circular motions, one almost exactly twice as fage as the
other, are being combined. ‘

Contrary motion produces a trefyi] shape with many fine
Variations (opposite, right), Starting with 5 smaller size or amplitude
in the faster rotation produces 5 triangle, or pyramid,

The octave i concurrent motjop produces a hegrt-

form with 5 simple inner loop (below, left and opposite, left). Here

‘would ascribe
to the movement of Neptune, or vice-versa, This Is because the

planets orbit the Sun concurrently, Uranuys ip 84 years and
Neptune in 165, approximately Tepresenting an octaye.

Near misses in the ratios of rotary drawings set the designs
Spinning (opposite, bottom),
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THE LATERAL F IFTH—3:2
b and the second overtone 3:1

—_—

Next to be tried is the harmony of the fifth, Intermediate | AW
between the simplicity of unison and octave and the more ot DR '}ﬁ
complex harmonies thar follow. .

It will be seen from the open phase drawing Opposite that the |
fifth has three loops along the horizontal side and two along the
vertical.  The numbey of loops on each sjde gives the ratio, 3.2,

R
/702948 “‘\\\\\
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”"O ‘0‘.5““\::\\\ -

» ¥
/ \ 505

y m %

X %
':3:=:~“:§(¢9”’f\\§5:2
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Looking back at the octave, there are two loops to one, and with !I L \t‘s:‘:‘.::‘::%;%’”
. . . oo B COSSSAE
unison there is only ope loop, however you look at it. Thjs i i : RS

the general rule for all' lateral h;lrlnonogrnph ratios, and if {
harmony appears unexpectedly during experiments, it cap
usually be identified by counting the loops on two adjacent sides, !

¥ The fifth also appears as 3:1, the second overtone, a fifth ahove - ---—|-— T

i

the octave (see 9pen-_and-closed=phase dtawings of 3:1 on page 3). /

Drawing ratios outside the octave may require 4 twin-elliptic |
harmonograph (see page 58). The phase-shifted pair below are ;
I

Stereographic: ifyoy 80 cross-eyed they wi| appear three dimep- !
sional. |

|

i

R
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{HE ROTARY Firry—3.9 :
encircled hegrts and fives

—_— 7

The loudness of musical tones j fepresented on the har-
monograph by amplityde, ¢he relative sizes of the two circular
motions, [n rotary drawings thjs js much more important thap

has a2 much wider sWing, In the spiky drawing to it right it i

the other Way around. At equal amplitude all lines bass through
the center (see f4pf, on page 55),

which makes the patterns spin, .
The lower twq images Opposite are of the second overtope,

31, a fifth above the octave (3:1 =2:1x3:2).
Version is on the left, countercurrent on the ri

32




" THE FOURTH—4:3

with thirds, sixths, and sevenths

By now it will be evident that each harmony displays its own
distinct aesthetic character. Unison is simple and assertive, The
octave introduces an emphatic flourish, and the fifth, while stil]
" fairly simple, has added elegance,

With the fourth the pattern becomes more complicated,
though the design is still recognizable without counting the
loops. The upper diagram opposite shows the fourth in open
phase, the lower in closed phase. An increasing sophistication
becomes apparent, and some of the closed phase and near-mijss
variants have a strange, exotic quality.

Introducing the perfect thirds of diatonjc tuning increases the

 Complexity. The igjor third (54)'is found below the fourh The

interval between them, a diatonic halftone, working out as 4:3 = 5:4
=16:15. A fourth and 5 major third (4:3x5:4) produce the major
sixth, 5:3, a minor third (6:5) below the octave and a minor
whole tone (1 0:9) above the fifth. Likewise, a fourth and a minor
third (4:3x6:5) create the minor sixth (8:5), 4 major third (5:4)
below the octave and a halftone ( 16:15) above the fifth.

A fifth and a major third (3:2x5:4) produce the major seventh,
15:8, while a fifth and 4 minor third (3:2x6:5) give the minor
seventh, 9:5. These are the elements o
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FURTHER HARMONICS

seven-limit and higher-number ratios

As the numbers in the ratios increase it becomes harder to
distinguish the harmonies one from another at 2 glance: The
loops have to be counted, and slight variations produce little of
aesthetic value. A typical example, 7:5, is shown opposite top.

Rotary motion produces 2 series of increasingly complex
drawings, influenced by relative frequency, amplitude, and
direction, In contrary motion the total number: of loops equals
the sum of the two numbers of the ratio, With concurrent
motion the nodes turn inward, and their number is equal to the
difference between the two numbers of the ratio,

The contrary drawings below show 4 fourth (4:3), another
fourth, a major sixth (5:3) and a major third (5:4). The pictures
opposite show unequal amplitude drawings of the perfect
eleventh 8:3 (an octave and 4 fourth) and the ratio 7:3 which is
found in seven-limit tuning (not covered in this book).

Two octaves and a major third (4:1x5:4), equal 5:1, the fourth
overtone, which differs from four fifths .(3:2)4 as 80:81, the
syntonic comma (see page 10). In mean tone tdning, popular
during the Renaissance, the fifths were flattened very slightly, to
5% or 1.4953, falling out of tune to please the thirds and sixths,
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AMPLITUDE

circles, polygons, flowers, and another circle

Much variation can be obtained from 3 rotary ratio by having
unequal sizes in the two circular motions, Opposite we see two
frequencies related by a major sixth (5:3). A lower-frequency
note begins to be influenced by, combines with, and is then
more or less replaced by a higher-frequency one. When the two
notes are at equal volume the lines all pass through the center (see
pages 56-57). Notice that the sequence is not symmetrical,
Below we see the first three overtones. For the spikiest shapes
simply invert the amplitudes. For polygons, square them first.
If you have ever played with a spirograph, the harmony is

determined by the cogging ratio, and it is the amplitudethat-is--—-

adjusted-whenyou change penholes on the wheel,




TUNING TROUBLES

the Pythagorean comma.

1

Leaving the harmonograph drawings and returnmg to the prin-
ciples of music, you may have noted that musical intervals do not
always agree with one another. A famous example of this is the
relationship between the octave and the perfect fifth (3:2).

In the central picture opposite, a note is sounded in the middle
at 0, and moved up by perfect fifths (numbered opposite, cach tum
of the spiral representing an octave). After twelve fifths it has gone
up seven octaves, but the picture shows that it has overshot the

final octave slightly, and gone sharp. This is because (3/2)12
=129.75, whereas (2)7=128, The difference is known as the

Pythagorean comma, 1.013643—approximately 74:73.

If you kept on spiraling you would eventuallyidiscover, as the
Chinese did long ago, that 53 perfect fifths (or Lif) almost exactly
equal 31 octaves. The first five fifths produce the pattern of the
black notes on a piano, the pentatonic scale (see page 50).

The smaller pictures opposite show repeated -progressions of
the major third (5:4), the minor third (6:5), the fourth (4:3), and
the whole tone (9:8) all compared to an invariant octave.

It’s strange. With all this harmonious interplay :of numbers you
would have expected the whole system to be;a precisely co-
herent whole. It isn't. There are echoes here from the scien-
tific view of a world: formed by broken symmetry, subject to
quantum uncertainty, and (so far) defying a precise compre-
hensive theory of everything. Is this why the near miss is so
often more beautiful than perfection?
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L EQUAL TEMPERAMENT
changing keys made easy

Although early tunings enabled many pure harmonic ratios to be
played, it was often hard to move into other keys; all one could
do easily was change mode (see page 52). Musicians often had to
retune their instruments, or use extra notes reserved for specific
scales (classical Indian tuning uses twenty-two notes).

In the sixteenth century a new tuning was developed that
revolutionized Western music and that predominates today.
The octave is divided into twelve equal intervals, cach chromiaric
semitone being 1.05946 times its neighbor (24 roughly 18: 17).

y Twelve equally spaced notes are arranged 1n a circle below.

S (flat) whole tones now make an octave, as do four (very flat) __

minor thirds, or three (sharp) major thirds. The Pythagorean
comma vanishes, as do all perfect intervals except the octave. It's
a clever fudge, slightly out of tune and we hear it every day.
Triads are chords of three notes, Opposite top we see major
and minor triads involving the note C, in the key of C. Use the
master grid (opposite below) to navigate the even-tempered sea,
and place any triad in three distinct keys (after Malcolm Stewarr).

whole tones minor thirds

major thirds ﬁ fis
and sevenths and’ major sixths

and minor sixths and fourths

¥aY

|

d
Relative
Relative ¢ Minor
Mlybf a 4-5-3
3-5-4

Subdominant
Major

Minor §q4-3




THE KALEIDOPHONE
 squiggles from a vibrating rod

Despite the invention of equal temperament, scientists continued.

to investigate pure ratio harmonics. An interesting nineteenth-
century precursor to the harmonograph was the kaleidophone,
invented by Sir Charles Wheatstone in 1827. Like.the harmon-
ograph, it displayed images of harmonics, .
- The simplest version of the device consists of a steel rod with
one end firmly fixed into a heavy brass stand and the other fixed
to a small silver glass bead, so that when illuminated by a
spotlight a bright spot of light is thrown up on a scréen placed in
front of it. Depending on how the kaleidophone is first struck,
and then subsequently stroked with 2 violin bo
number of patterns can be produced (a few are shown opposite).
The kaleidophone does not behave like a string, as it is only
fixed at one end. Like wind instrum '
open at one end, the mathematics of its harronics aljd overtenes
are more complicated than the monochord or the harmonograph
(the lower images opposite show some early overtones),

Other versions of the kaleidophone used steel rods with square

or oval cross sections to give further patterns. Wheatstone used

to refer to his invention as a “philosophical toy,” and indeed, as -
we look at these patterns, it s easy to feel wonder at their simple

beauty.

To n;akqugr own kaleidophone, try ﬁxihg a knitting needle
in a vise and attaching a silver bead to the free end, Use or make
a l1ght source that, projects a bright point of light.
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ibrating strings and other simple
Systems, but surfaces also cap be made to vibrate, and they too
can display harmonjc of resonant patterns,
In1787 Ernst Chladni found that if he scattered fine sand onto
. asquare plate, and bowed or otherwise vibrated it, then certain

-Sometimes he found that further patterns could be created by
touching the side of the plate at harmonjc divisions of jts length

(shown below). This created 2 stationaq_node-(—see~page-8),- Later
Work revealed thyr circular plages gave circular patterns,
triangular plates triangular patterns and 50 on,

The six pictures Opposite are from Hans Jenny’s book
Cymatics, one of the seminal texts on this subject. The vibratiop
‘picture appears gradually, the sand finding its way to the

stationary parts of the plate as the volume Increases,

hitint,
Pt
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RESONANCE PICTURES

 and how to sing g daisy

A more complete set of Chladri figures is shown opposite, all
two- or fourfold because they were produced on a square pl
Below, however, we see some circular patterns. They were
photographed in the 1880s by Margaret Watts Hughes, a singer,
on an ingenious device called an eidophone, which consisted of
= a hollow base with 2 membrane stretched across it and a tube
“attached to its base with a mouthpiece at the other end. As Mrs.
Hughes sang diatonic scales down the tube, fine lycopodium
powder scattered on the taut membrane suddenlyE came to life,
bouncing away from some Places and staying sfill at others,
producing shapes that she likened to various flowefs.

Yet again, we see recognizable forms and shapes appearing
from simple resonance and harmony., :

ate.




N APPENDIX A: TUNINGS AND INTERVALS

Do Re Mi  Fa
, So L f
tonic  halftone  2nd  min3d maidd 4tk . ; .
o~ f ! [
e 0 100200 300 4QO 500 600 700800 900 1000 1100 1200
/9;8\!/_-—32;27\?/-9;8\/—9';8\'/32;27;\

mic 1/1 9/8 S T
0 2039) S U (730/220) ;‘ 2(970/519? ; (122{)%)

tritone  Sth- minéth maj6th  min 7th mai?th octave

Perf. Fifths, 3:2
Perf. Fourths, 4:3

i ' '
. i - | :
I 9B 256263 5, 8 :
25626898 B P
an 11 98 L9 98 98— 155005
0

84 43 32 216

24
@y @y guy - sy 3/128 2/1

(2039)
e (11098) (1200)

Perf, Fifths, 3.2

Perd. Fourths, 4:3

o T 09 6159 109~ 9 16

o 98 44 S5 2
y 3 5/ 158 21
()} (2039 (3863)  (498.0) ) (702.0) (884.4) 2

(10883)  (1200)

Perf, Fifths, 3.2

Perf. Fourihs, 43

P, Maj 3rds, 5:4
P.Min 3rds, 6:5

/9:8\y16:li\/l‘0:9 98 i\ !
. ~l—Y \/16113\/~9:8 10:9
e B 65 413 oo 85 \97 \?/1

(;) (2?3.9) (315.6) (49{5.0) (020 @By (1017.6) (1200)

Perf. Fifths, 3:2
Perf. Fourths, 4:3

P. Maj 3rds, 5:4
P. Min 3rds, 6:5

Sa Re Ga Ma  Pa | Dha N Sa

80

e e e

Do

Y
b\ Re
2560245 ”m

‘Azsm
16715 218720

Interval Cents  Name 65 356 Perfect Minor Third

11 0 Unison 54 3863 Perfect Major Third
32805:32768 2.0 Sthisma 81:64 4078 Pythagorean Major Third
2048:2025 19.0 Diaschisma 43 1980 Perfect Fourth

B1:80 13 Syitonic Commi 75 825 Nepiimal Tritone
331441:524288 235 Pythagorean Conmua 4532 390.2 Digtonic Trilone

128:125 411 Diesis 729:512 6117 Pytbagorean Tritone

25:24 RO #inor Diatonic Halftone 32 7020 Perfect Fifth

25%6:243 902 Leimma, Pythag, Halftone 12881 7922 Pythagorean Mivor Sixth
135:128 922 Hajor Chroma 85 8137  Diatonic Minor Sixth

16:15 1117 Major Diatonic Halfione 53 8844 Perfect Major Sixth
21872048 1137 Apotome ' 27:16 9059  Pythagorean Major Sixth
2125 1332 Large Leimma 74 9688  Harmonic Seventh

10:9 1824 Minor Whole tone 169 996.1  Pythagorean Minor Seventh
9:8 2039 Major Whole tone 95 10176 Diatonic Minor Seventh
87 2312 Seplimal Whole tone 158 10883 Diatonic Major Seventh

76 2669 Septimal Minor Third 243:128 11098 Pythagorean Major Seventh
32:27 ¢ 2941 2:1 1200 Octave

Pythag. Minor Third
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Like the off-center division'of the octave into fiftbs and fourths, sharps are not in fact flats, giving rise o five more
notes, making seventeen in all (found in Middle-Eastern hunings). More completely, we may think of the seven noles

of the scale as moving across hwelve *regions” of the octave,

™4

Jalling into the twenty-tico positions of lndian funing.




APPENDIX B: MODES AND EQUATIONS

Modern Th I l Ancient
¢ Seven Modes of Antigui
Names f Antiquity : Greek Names
donian ; ./_.. L J ' 1 ,.,- ¢ d cf g a b Lydian
Major do re mi fa so fa rido 12 34 85 6 78 : ‘
1 1 W 1 ’ - 3
Dorian d g a be ’Pﬁrygian :
re mifa so o tidore 1 23 4 5 6p 8

Phrygian ANNSANAN ef g & be . d Dorian
" mifa so fa tido emi 12 % 4 s 7 8

1 1 5 Yy ‘ '
Lydian f g a be & ¢f| synofydian
Y fa so o tido re mi fa 1 2 3 45 6 78 Ui
Myxolydian ! ! g a be 4 of Jonian
Ve o la tido remifa o 1 2 34 5 67 8
Acolian K il a be d of 8 4| Aeolian
Natural Minor fa tido re mifa 0 fa 1 23% .4 56 7v 8
n 1 i 1 1
Locrian be d ef gia b Myxo(ydian

tido re mifa o a i 12 3 4% & p 2

The white notes on a piano give the seven notes of the seven modes of ancient Greece.

-~ Medieval transcription errors have left us with modern names that‘don’t fit the ancient

ones. Each mode, or scale, has its own pattern of whole tones nnd halftones, only two
surviving as our major and natural minor scales, )

Other scales include modal pentatonics that forbid semitones, the karmonic minor with
its minor 3rd and 6th, 1 2 3b 4 5 6b 7 8, and many others.
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The ratios and intervals in this book concern frequencies, normally expressed as cycles per
second, or Hertz. Classical tuning sets C at 256 Hz. Modern tuning is higher, fixinge:
at 440 Hz. The period T of a wave is the reciprocal of its frequency f T=1/f

The speed of sound in dry air is roughly 331.4+0.6 T, m/s, where T, is the temperature
in degrees celsius. Its value at room temperature, 20°C, is 343.4 m/s.

Gravitational acceleration on Earth, g, is 9.807 m/s2,

Frequency of a 1 gravitational acceleration

pendulum n pendulum length

Fundamental frequency 1 string tension

of a tensioned string 2 x string length string mass = string length
Resonant frequency speed of sound area of opening

of a cavity with an opening 2 volume of cavity x length of opening

Fundamental frequency of sgéed of sound : \{

an open pipe or cylinder 2 X length of cylinder

The beat frequency between fi and f2 is the difference between them, fj = £ - fi.

The ratio a:b converts to cents (where a > b): (log(a)-log(b)) x (1200 +log?2).
To convert cents into degrees multiply by 0.3.

Clapping in front of a rise of steps produces a series of echoes with a perceived frequency
equal to »/2d, where v is the speed of sound, and d is the depth of each step. Clapping
in a small corridor width w produces a frequency v/w.

The arithmetic and harnmonic means are

central to Pythagorean number theory. 6 § = 9 bo12
. The arithmetic mean of two frequencies q . MB . 28 . g

separated by an octave produces the fifth 2 A+38

between them (3:2), the harmonic mean a . Arithmetic . Harmonic .

: : B
producing the fourth (4:3). Mean Mean +
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b APPENDIX C: TABLES OF PATTERNS

Overtone and simple ratio harmonics are shown below and opposite, arranged in order
of increasing dissonance down the page. Open phase drawings display their ratio as the
number of loops counted across and down. To find the ratio of a rotary drawing, draw
both forms, concurrent (both circles in the same direction) and contrary (in opposite

-+ directions). Count the loops in each, add the two numbers together and divide the total
by two. This gives the larger ratio number. Subtract this from the contrary total to give
the lower ratio number. Rotary figures for the ratio a:b will have h-q loops when both
circles are concurrent, and a+b loops when they are contrary.

The designs shown here were all made with equal amplitudes.
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HARMONOGRAPH

~

1

Anyone seriously interested i making a har-
monograph should consider going straight for
the three-pendulum model.

The table must be highly rigid and firm on
the floor, otherwise the movements of. the
weights will be distorted. I suggest it should be
about 36 inches (90 cm) above the floor, with
a tabletop 24 x 12 inches (60 x 30 cm) for two
pendulums, 24 x 24 inches (60 x 60 cm) for
three, and about % inch (2 cm) thick with an
apron all round, about 34 inches (8 cm) deep,

The legs should be about 2} inches (6 cm)
square, splayed outward and pointed at the
bottom. One way of achieving the splay is to fix
wood or metal brackets in the comners under the
table on - each side of the diagonals and bolt the
legs between them. After adjusting the legs to
give the correct splay they can then be fixed in
position with screws through the apron.

To save space, cut the tabletop as illustrated
by the dotted line. Three legs are not quite as
stable, but work fairly well,

The platform carrying the paper should be light
and rigid, and fixed to the pendulum with a coun-
tersunk screw. Make the platform about 8% x 6
inches (22 x 15 cm) to hold half an 8% x 11-inch
sheet secured by a rubber band or small clip.

All sizes suggested are maximum, but a scdled-
down version will still work if it i§ carefully made.

If you are tempted to make a harmonograph,
start with the weights, for the instrument will
only be satisfactory if these are really heavy and
yet easy to adjust. It is a good ideh to make about
ten, around 4 pounds (2 kilos) each, so the load-
ings can be varied. They should be abour 3%
inches (8 cm) in diameter, with a:central hole, or
with a slot for easier handling. Either cast them
yourself from lead or ready-mixed cement or
have them made by a metal shop or plumber:

The shafts should be made from wood dowel,
about % inch (1.5 cm) in diameter (metal rods are
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liable to bend, distorting the drawings), marked
off in inches.

Clamps can be obtained from suppliers of
laboratory cquipment. For some of the
drawings top weights arc needed, held in place
by clamps. Clamps can also be added to pen-
dulum tops for fine tuning, with one or more
metal washers added.

The simpler kind of bearing consists of brass
strips bolted into a slot in the pendulum and filed
to sharp edges to rest in grooves on each side.

In a bearing involving less friction the
pendulum is encased at the fulcrum in a
horizontal block of hardwood with vertical
bolts on each side filed to sharp points and
resting in grooves in metal plates. If drilling
the large hole in the block is too difficult, it
can be made in two halves, each hollowed out
to take the shaft and bolted together.

Rotary motion needs gimbals. Here the
grooves for the pendulum are filed in the upper
side of a ring (e.g. a key ring) while the under
side has grooves at right angles to the upper
ones. The lower grooves fit on two projecting
sharp edges (brass strips), each enclosed between
two pieces of wood fixed to the table, With the
alternative bearing a large flat washer should be
used with depressions to take the sharp points.

Pen arms should be as light as possible to
minimize restraint, They are easily made from
balsa wood strips (sold at model-making shops),
using glue and Scotch tape. For two pendulums
the arm can be fastened to the shaft with
pinched-off needles, and the pen jammed into a
hole at the other end. For three pendulums the
side pieces on the arm should enclose its shaft
firmly but not too tightly and be held gently
with 2 thin rubber band. One of the arms holds
the pen, while the other is held by protruding
ncedles pushed in backward and secured
(gently) at both ends by the rubber bands.
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An additional fitting is needed to lock a

|
| , rotary pendulum so that the instrument can be

used with just the two single-axis pendulums.
This can be done by mounting two brackets on
the table near the rotary pendulum with holes
to take a long horizontal bolt (slightly to one
side) to which the shaft can be clamped.

Pens should be fine, light, and free-flowing.
Most stationers and shops selling draftsmen’s
and artists’ materials offer a variety (avoid ball
point or thick fiber pens). For best results use
shiny art paper and ordinary copier paper for
preliminary experiments.

If the pen is left on the paper to the end there
is usually an unsightly blob. To avoid this,
mount a short pillar on the table with an
adjustable lever carrying a piece of thin dowel
placed under the pen arm. By raising the dowel

gently the pen is lifted off the paper without
Jjogging it. This device should also be used
before the pen is lowered to the paper. By
watching the pen you can see what pattern is
being made, and nudge it one way or the other
by pressure on the pendulums.

For ratios outside the octave, such as 4:1,
you may need to try another harmonograph
such as Goold’s twin-elliptic pendulum (left).




