Design of a Percussion Robot with Dynamic

Timbre-Production

AbstractNThis paper intr oduces the design strategy behind
a percussion robot named Kiki that can dynamically produce
a range of timbres. It focuseson the physical characteristics of
striking mechanismsthat inBuencetimbre, and the dynamicsand
kinematics of the way humans and robots strike drums. This is
presentedas a case-studyin the approach to timbr e in musical
robots.

I. INTRODUCTION AND PREVIOUS WORK

Attempts to automate percussion playing date back at least
to the Islamic Golden Age [3][2][1]. In these automata, a
striking mechanism is driven into a drum via a complex
system of levers, water-wheels, and gravity. However, due
to limitations in the mechanics, the striker always falls upon
the drum in the same way, producing the same timbre. By
contrast, the dynamic manipulation of timbre is central to
how humans play drums; for example, the famous djembefola
Famoudou Konaté reports being able to produce approximately
twenty-five distinct timbres [15]. In fact, the word ‘timbre’
comes from the Greek word from ‘drum’, and for
drums, especially hand drums, timbre is the primary par
that the player manipulates while playing (as oppose
pitch for the majority of orchestral instruments). In recent
decades, many more percussion robots and automata

levers, cables, and gravity have been repl
servos, and electricity, the majority of the
position drumsticks or mallets into a div
control over timbre. One notable exception
of whose strikers can move along the— 3

striking it in different locations/ Prior ter dm%d@ of this
capability, the authors reported “that X h?%ain} mechanical
caveats mentioned were Haile’s.limited tmﬁ;e’ and volume
control” [25]; based on the afalySis belowit is not likely
that the addition of this one.extra~degree of freedom greatly
increased the timbral range. oth/ rpJiotable exception is
MIT’s Cog, which, when_outfitted )fith special arms with
compliant actuators [ ))_was leto exploit the arms’ natural
dynamics in striki |4 snar dium, perhaps modeling more
closely the way human tgiké nare. However, the timbre of
sound produc;,e} this. methiod was not within the purview
t assessed. To the best of the author’s

of the study And-was

uthor has_built a djembe-playing robot named Kiki (shown
in~Figure 1), s'?peciﬁcally with this goal in mind. Here, the
ug -_pj:efcfs behind Kiki’s design is presented as a case-

built [24][9][23][26][11][20][27]1[21]1[18][S]1[10][4]. (A u@ggh'
b d

éolgl,:
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Fig. 1.
capabilities.

Kiki, a robotic percussionist with dynamic timbre-production

study in how timbre might be approached more generally in
musical robots. The first half of this paper will focus on the
material properties of the striking mechanism which influence
timbre, including the solution eventually used in Kiki. The
second half shall focus on the dynamics and kinematics of ac-
tuating the striking mechanism, given the particular challenges
associated with dynamic timbre production.

II. STRIKING MECHANISMS
A. DjembeStokes

Insofar as the goal is to produce human-like timbres, it
is fruitful to take a biomimetic approach, and examine how
humans achieve different timbres. As previously mentioned, a
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Fig. 2.
[13]

Mamady Keita demonstrating (a) bass and (b) tone strokes. Source:

skilled djembe soloist may produce a wide variety of distinct
timbres; certainly this repertoire could be expanded even fur-
ther if the possibility of striking the drum with arbitrary objects
were included. However, djembe accompaniment technique
comprises three core strokes with aurally distinct timbres: bass,
tone, and slap. Players typically evaluate the sound of a djembe
by evaluating these three strokes [22]. It is therefore justifiable
to focus on building a machine that can reproduce the timbre
of these strokes, although the goal is to do so dynamically(i.e.
rather than using three fixed beaters) so that the machine will
be capable of playing other intermediate timbres and searching
its timbre space for particular sounds. Below are descriptions
of the striking technique for each stroke, which are informed
both by the descriptions given in [15], an analysis of a video of
the djembefola Mamady Keita demonstrating the strokes [13],

and on the author’s own experience playing the instrument. /B

1) Bass: The center of the drum is struck with an’ o
hand, as is illustrated in Figure 2(a). The fingers are sli
hyperextended so that the pressure is concentrated on_the
palm. The precise location of impact depends on th prggls

Fig. 3.
stroke. They show the frame just prior to impact, a
and immediately after. Source: [13]

ight influence the resulting timbre

shape of the beater

the ﬁngertiI s hnd only-the fingertips contact the drum head.
Vldeo a reveals/the palm touching the rim in one frame,
and gertips have just rebounded by the next frame, so
the |1nt€r/?al I the order of about 40 milliseconds.

ors I/nfs/uencinngmbre

ercussion robots are often built to be capable of striking
he druny at several radial distances from the center of the head
12][25]. However, the foregoing analysis makes it clear
he strokes in question differ by more than just the impact

shape of the drum, the speed of the passage belng pl }’ d\ location. Below is a discussion of some other factors that may

the player’s preference, but the overall goa ppear to t
excite the head in its first radial normal mode: 4
deep, resonant, sustained bass sound with
partials.

2) Tone: Many verbal descriptions

ar crease is clearly
seen in contact with the . wn in Figure 2(b).
The four fingers are held strai somewhat rigidly. In the
video, the palmar crgge_is\xe? eontacting the rim slightly
before the the fing &)nt\s\t the head. The four fingers are

ent of impact and strike it with

Second, inertia causes the fingers to bend about
m ca{p halangeal joint so that, a very short time later,

contribute to the distinct timbre of each stroke in.

1) HandRigidity: The hyperextension of the fingers during
bass indicates that the fingers are rigid, while during slap the
fingers must be loose so that they may be under the control of
inertia just before and after impact. During tone, the fingers
appear to be have an intermediate rigidity. This suggests that
the a robotic beater could benefit from variable rigidity.

2) Hand Morpholagy: Fourier analysis of the time evo-
lution of vibrating bodies in general makes it clear that
the shape of the perturbation that set the body in motion
plays a large role in the frequency content of the resulting
sound. The same principals hold for vibrating membranes as
for strings. A circular membrane with a zero-displacement
boundary condition about its circumference has two types of
nodal lines, which define the normal modes [7]. The first type
forms concentric circles about the center of the drum, and the
height of any concentric circle varies sinusoidally. The other
type of nodal line runs radially outwards from the center of
the head. The height of any other radial line forms a Bessel
function of the first kind with a zero-crossing falling on the
drum’s boundary. This is illustrated in Figure 4.

The part of the human hand used in the tone stroke is
roughly wedge shaped, and roughly four inches in breadth
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at its base. A typical djembe (including the one used in
this study) has a circumference of about forty inches. The
hand therefore fits comfortably into a radial sector of the
head that is about a sixth of its total surface area. One may
therefore hypothesize that the sixth radial normal mode plays
a prominent role in the sound of the tone. If the hand were
rectangular, so that the index, ring and pinkie finger were
equal in length to the middle finger, and the fingers were
not tapered, and so forth, then the extreme end of the hand
would cross the nodal lines of the sixth normal mode, thereby
suppressing it. The hand, in turn must suppress even higher
radial normal modes, which an overall narrower object would
not. Likewise, the palm of the hand is roughly round, and
roughly a quarter of the diameter of the head. During the bass
stroke it tends to push the head downward roughly into the
shape of a parabolic dish, exciting the first and possibly second
concentric normal modes while suppressing the radial normal
modes and higher order concentric modes. A much smaller
circular object would allow higher concentric modes to sound.
Any fat, rigid object with corners would exert more force at the
corners than its center as the head deforms downward, which
would tend to excite the radial normal modes. It thus follows
that an object whose surface of contact is similar in shape to
the hand will be better suited to recreating the timbre of the
hand than an arbitrarily-shaped object. Note that the foregoing
analysis focuses on the normal vibrational modes, which are
steady-state solutions to the wave equation. However, because
of the steep amplitude envelope of percussive sounds
focuses much of the sound’s power in the first few milhsé
of vibration, transient solutions to the wave equation
play a large role in the perceptual qualities of the s
Although the transient motion of a circular elastic plat/
zero-displacement boundary condition along i mrcuim erenc
in response to loading on a radial sector < % een._stt 1ed
[6], it is not clear what frequency conte emefges from/ this”
motion. However, the nature of the tran em‘%ﬁr brbstlll
be determined by the shape of the 1n1t1a1 ]sertu atio
consequently the shape of the hand is /lrkeiy to\b\e 1'mportant

in determining the resulting sméd\| Ve \
C. Additional Consideations for '\_,___/:'

Slap is often considered thé/ }rost cult of the three
strokes for a beginning human yér\to ‘produce, and has
proven difficult to mechanize. pl;esent some additional
information that may be use in thfs fregard.

1) Handsize: Dmrﬁ to- hand Size-fatio is important for the
production of slap. 1ur,fkett makes the following observation.

This slap\]\ls not an easy sound to achieve
on every druLQ ability to do so is often
related th dla et he\}e drumhead and the size
of the] pl ers*s you have small hands,

dlameter does not have to be very

Chdm
ge\%;:]meve/ the sound without too much effort.
Laﬁer hands requite larger head diameters... There
. are percelyable frequency differences in the resultant
\sounds /The highest overtones used to produce a

S

dynamic slap are most easily activated near the edge
of the drum [22].

Presumably the drum to hand ratio must be large so that
the hand can excite the higher radial normal [inodes while
suppressing the lower ones, and the edge of't T)e\drum S used
to excite the higher concentric normal modes VA )

2) OpenFingers: Beginners are sometury ;ru{htt plazy

tone with the fingers together, and slap With\tiﬂ{\xe{}apart.
fle

This artifice is perhaps designed to regp(ate the\}al ibility of
the fingers, taken as a single unit. Kelfa réporr\ that although

he teaches the strokes this way, he plays/both str s with his
fingers slightly apart [14].

3) Stiksin Sabar: In Sabarég;
gal, a variety of open-bottom~dru s
roughly similar, in 1/?5 Tespec s\(o e. A consideration
of their technique dends insight mt how a the slap sound
on a djembe may l%\rne anized. (The following discussion
is the result of persor\mL co Sp wdence with the late Dr.
Mark Sunk?ttq In contrast™to gﬂre Djembe, which is played
with two bare ds, the drums of the Sabar ensemble are
played with /:-me bare hand (traditionally the left) and one
stick, known 1n the\ Wolof language as ‘galan’, held in the
other (rrghf) hand. Ihe/ bare hand generally plays the three
strokes assoc\ated Wlth djembe, using similar technique, while

P-.

es of Northern Sene-
played which are

the t1 yp lly plays only one stroke. Anecdotally, native
players of hat the sound of the slap played by the bare

hand\hould/ /ound identical to the sound produced by the

ich/” sticks, The—stick is made either of Tamarind, which is a
on\ds,' /ha}dwo

\&alled\s/ump in Wolof, which is somewhat softer and more
stroke. ™ fle rble The stick is typically about sixteen inches long and
@ A~ VG\:F}// roughly 3/ 8 inch in diameter, although the ideal diameter

of the Leguminosae family, or an indigenous wood,

lvarres somewhat proportionally to the size of the drum being
played The stick is prepared for use by removing the bark and
rounding the ends with a knife. Ideally, the stick is slightly
bowed on one end and, while playing, the stick contacts the
drum head along the convex edge of the bowed segment. The
stick is held loosely in the hand, oriented perpendicular to
the fingers. It is actuated by rotating the forearm about the
roll axis, so that the stick moves similar to a windshield-
wiper. This arrangement is certainly mechanizable, although
subsequent analysis reveals that it may not be dynamic.

D. Timbral Evaluation

The goal of the foregoing discussion was to consider what
factors might contribute to an object’s timbre when used as
a striking mechanism, and in particular, what objects might
sound most like the hand or produce the greatest range of
timbres when striking the drum. In order to provide greater
insight into how these factors might influence the design
of such a beater, timbral evaluation of several objects was
carried out. The purpose of this study was exploratory, and no
hypothesis is proposed.

1) Methodolgy: In this study, various objects, including
human hands, were used to strike the drum in various ways.
The resultant sounds were recorded and compared against each



Fig. 5.
mechanisms

Some of the materials used in timbral assessment of striking

other. This was carried out as follows: A particular object and
method of striking the drum with it were casually identified
as being worthy of analysis by the author on account of the
foregoing discussion; Several recordings were made of the
object striking the drum in a particular way; All recordings
were made during the same recording session, with the same
placement of microphones and drum, so as to control for the
placement of microphone, and acoustics of the room; The
recordings were edited such that the first sample in the file
corresponds to the zero-crossing marking the onset of the
sound; The recordings were then analyzed and compared.

2) MaterialsUsed: A variety of objects of different materi-
als were tested during this study. They included various drum-
sticks, mallets, pieces of foam, rubber, cork, and linoleum.
They were at times used alone, and at times mounted to a
flat or convex wood or rubber block. Only a subset of
objects are reported here. The materials reported are a

outline of a human hand, and a large piece of foam rubber
in the shape of a fist. These objects are depicted in

corresponding roughly the three strokes und
The locations were the center of the d
drum (approximately three inches from
drumhead) and the ‘rim’ (approximately one
boundary).

3) Centoid: Machine repres
respond to perception are an ar
seminal study [16] found that
ity according to three dimensi
attack quality (explosivenes

1 evolution of spec-
of higher partials).

slap as being low,
difference in perce

id, and high;Téspectively, suggesting a
a(bri@tne iS. Furthermore, a drumhead’s
u_r_sé }etermined by its geometry;
perturbing it in-aparticular way merely distributes the energy
amongst those medesin a
igure.6

average) [19] ais a preliminary measure of timbral similarity,
ich aszﬁi been shown to correlate with perceptual bright-

Bass Bass Bass Tone Tone Tone Slap Slap Slap

Fig. 6. Sonogram of djembe strokes played by human,,.showi
energy distributions for different strokes.
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Fig. 7. tted a function of time for the first 750 ms of the

Centroid
strokes and-objec C(_)ngigefed in this study.
4

. . . ibl 1 the fi istribution i 1
They were used to strike three locations on. the dr Z ,\'\Ipo sible to control the frequency distribution independently

lof the centroid. Therefore centroid is used as follows.

Given a discrete signal X of a drum sound, X is separated
into M windows W = {wi,...Wpy}, each containing N
consecutive samples and each successively translated in X by
a hop-size of h samples. First, the Fourier Transform X of
each window is computed. Then, the spectral centroid C for
a given window w ! W is the amplitude-weighted average of
X across all frequencies ! .

O X(w )t
oy Xw,r)
(1)

In particular this study uses a window size N = 1024 and a
hop-size of h = 512 samples. For each stroke, only the first
750 milliseconds of audio after the onset were used because,
although the drum still audibly resounds for some time beyond
that, the signal-to-noise ratio becomes too low and the variance
in the centroid becomes high. The sound of a particular stroke
may have a certain amount of variability, as it cannot be
performed identically each time. In order to address this, for
each object and strike location, C(w) is computed for three
separate instances of the stroke and averaged point-wise over
W. The results are plotted in Figure 7.

jt2"n
N

;C(w)

N -1
X (w,!)="> wnle”
n=0



4) Comparisons:Given two drum sounds each separated
into their respective windows Wj; and W5, the sounds are
compared using the standard deviation " of one with respect
to the other over the windows w. Additionally, the base-2
logarithm and 12th power of the centroid, C, are used so that
the result is expressed in semitones.

M

"= MLZ(C(Wi W) # Cwi | W))2 (2
i=1
C(w) = logy(C(w)*?) 3)

Additionally, the positive or negative solution to the square
root is chosen according to

N e i %C(Wi! Wy) > %(C(Wi! Wy)
= i=1 i=1

#  otherwise

This allows the metric to retain some information about which
sound is perceptually higher. In this manner each sound is
compared to each other sound. Comparing the average of
three tone strokes to the average of three separate tone strokes
yielded " = 0.9. This was taken to be the resolution of
measurement and all values were rounded to the nearest
integer. The results are shown in Table I.

TABLE I
TIMBRAL COMPARISON OF STRIKING MATERIALS. TO DETERMIN (
SIGNS, ROWS WERE USED AS W1 AND COLUMNS AS W3

Rubber
Cen-

Rubber
Edge

Tone
(Hand)

Bass
(Hand)

Hulk
Cen-

Slap

Rubber Stick Stick
(Hand) e

Rim Cen-
ter ter ter
Bass 0 -8 -17 -9 -18 -32 2 -10,
(Hand) /
Tone 8 0 -11 -3 -13 -27
(Hand)
Slap 17 11 0 9 -3 -16
(Hand)

- 3i ~
\

Rt ( 0
Rubber 9 3 9 0 11 N2 \
Center \
Rubber 18 3 3 1 0 15 9 10
Edge \ [ \
Rubber 32 27 16 25 15 0 33\
Rim — 1

Hulk 2 3 17 10 B 33 0 0 16
Stick 10 3 -10 2 10 W 2 1 | o 8
Center ‘l

Stick 16 10 4 17 4 19 1 I +8 0
Edge 1Y /

N

confounding vari-
ut what timbre will
be produced by a given object.Jn a dition to the considerations
in Section II-B, other properties such as mass, softness, coeffi-
C Velbc\ity\‘etc. ..appear to be important.
Nonetheless, the aim.of 's_spﬁd y was only to provide the tools
and a starting/poi for.exploring those properties in greater
detail. In any/case, a observations may be made regarding
ick?is capable of producing sounds that

ilar to tone and slap. This is consistent with

T

~
Fig. 8. The several layers of the hand used ip Nﬁ(i,.r"sll)sgving,-— rom left to
right, the aluminum and spring-steel ‘forearm.; (l)e) yinyl core; ilicone with
an embedded anchor near the fingertips; and}]‘;;tex ‘dkin*—" |
|

ot e_stick\cgz create a sound with a

ss stroke, whichis consistent with the
orphology. The rubber sheet could
ilar™to tohe/and slap, and additionally
er to rim), which is nearly
ever this range extended the
range of the™ in the direction of increasing centroid,
and so the,,@b alse._could not excite the lower normal
modes. Although it \was” approximately the correct size and
shape tp_g:){ 'tleg\rhe/ fundamental, it was perhaps too flimsy
and }ié;l_t_wél tto-do so effectively. The foam rubber fist was
takq’h as an gct/r"?me example of an object that is large enough,
sturdy engugh, and the correct shape to excite the fundamental.

Tt produced a'timbre quite similar to, and even slightly lower

/1 t

| bass stroke. Due to its large size it was incapable of
rod

any sound aside from this.

ikiG Hand

| Using insights gleaned from the foregoing study, a number
lof prototype striking mechanisms were built. Notable amongst
them was a fully lifelike silicone rubber hand, made by
alginate casting a human hand. The result was a copy accurate
down to the level of detail of the fingerprints. This prototype
produced a satisfying range of sounds, however it also had a
few problems. It was too heavy to be actuated by practical
means; the slap was not quite crisp enough at low amplitudes;
and it was somewhat too floppy and in certain scenarios the
fingertips would jiggle and bounce on and off the head making
several onsets when only one was intended. So Kiki’s final
hand, whose construction is depicted in Figure 8 was made to
address these issues.

The entire hand is made upon an aluminum rod which
serves as its ‘forearm’, and which extends several inches into
the hand. At the very interior of the hand, two gracile but
very rigid lengths of spring steel transect the aluminum rod,
which serve to make the ‘palm’ very rigid and inflexible,
thereby improving the bass stroke. The steel cross-pieces were
then embedded into a piece of black vinyl sheet-rubber that
had been cut roughly into the shape of a human hand, but
somewhat smaller than the desired final hand size. This vinyl
is less floppy than silicone, and prevents the ‘fingers’ from
bouncing on the drumhead. A small mold was then built



that was somewhat larger in all dimensions than the vinyl
cutout, and this was used to encase the vinyl in silicone.
This gives the hand enough weight and softness to play the
bass and tone strokes. Additionally, a small metal anchor was
embedded in the silicone such that a wire loop protruded from
the top of the hand near the ‘fingertips’. Attaching a cable to
this loop allows the fingers to be hyperextended, effectively
controlling the rigidity of the hand. The silicone was dipped
into liquid latex rubber, which cured and formed a thin skin
around the entire hand. Latex has a somewhat harder surface
texture than silicone, which improves the slap sound. Finally,
the latex was coated with chalk dust to remove the tack
from its surface texture. This hand was not evaluated using
the methods outlined in the foregoing study. A more robust
method of comparing the timbres of hand-drum strokes has
been presented in [17]; relating that more strongly to human
perception will provide a method of comparing the similarity
of human- and robot-produced strokes, and this has been left
as future work.

III. ARM

A synthetic hand, even a very good one, does not, by itself,
guarantee a satisfying range of timbres; it must also be driven
into the drum in an appropriate variety of ways. Following
is an analysis of the dynamics and kinematics of a robotic
arm designed to drive a synthetic hand into the head of a
hand-drum for musical purposes. Implicit in the analysis is

the goal of producing subtle timbral variations as previously Ve [12

discussed. The analysis reveals the necessity that the ar
three degrees of freedom. Specific actuators are analyze
suitability in this application, and the optimum length for eac
segment is calculated. The analysis also solves the/ nv¢rse
kinematics problem for the proposed arm.

A. Dynamics

1) Human Dynamics: Many of the(BsQ:{ fyi
includ

thetic hands studied were relatively massive,, ing.theyone
ultimately used. Simple, inexpensive actuators uchxﬁs obby
servos and small solenoids prov 1nca/pable \%n\ g these
hands, so other solutions are necessary. [A éunple study was
therefore conducted to assess the physical. req;ilrements of the
sought actuators. The primary cgﬁb&@m is t n/npact velocity
of the hand against the drum, w Wlll be-higher for louder
sounds, according to the t}{\xmtr én actuator, in order
to be suitable for the current.app anoh needs to be capable
of driving the hand at-botir K gheét and lowest velocities
(or approximately sq). A a{de to estimate these velocities,
the following mea renknts were made. Sixteenth notes were
played on the drum by a hum&ﬁ at a tempo of 120 beats per

ome using the tone stroke

minute, measﬁre th

and alterna g ha?z“\\l;} 0 was chosen as the basis for

an 1s because_it is™fdst enough that there is no time for

ext neoh;xg:n/ movement in the player’s body, but it is

not SO\fKtil\S\tO limit the player’s dynamic range. The interval
t betwee _note onsets was thus

\ // At = 0.125 s )

| C Y
\__ / ")
/"’ /

Because the hands alternate, this is the duration of half of
the period of the stroke, namely the part of the stroke during
which where a hand moves from its highest point above the

drum head to the point of contact with the head The return
to the highest point requires another At qus ut that

part of the stroke is not of interest here"" Irkpﬁef ndition,
of the experiment the drum was played plams51 :Ih\iﬂ_ thé
other condition it was played fortissimo. Theach condition,
the height, hp and ht , of the hand above th ac}r\h

measured during that phase of the stroke af whichthe distance

was maximum. These were approx;méitglfy \ [‘ /
{ [ - S J
(

' $013m0:>m) (5)
Given h, it is poss}l)‘le/\‘(’)' derive
during the interval At. /_<\
- r2; ap = 3:84 m/ 5% Af —16.64 m/s>2 (6
If it assumed that the hanMJ\l\:}Jgoes constant acceleration
over the intervah At, the impact velocity, v, may be derived.

0.115 m/s; vy = 2.08 m/s 7)

hp, $ 0.03 m (1.25 in);

average acceleration a

v ;f"ét- Vp

AW

If the accelerathn 18 h¢t in fact, constant, then v could be any
value and h/ but the foregoing values will be taken

as a a e approximation.
ynamlcs Previous projects have successfully
n/

emp ye -inexpensive hobby servomotors [23] or solenoids
0 dﬂve ightweight drumsticks. Although such were not

h e ("ab ive the present (heavy) mechanism to the desired
or \\(elom

higher quality robotics servos can meet these re-
qu1 ments. Because it is trivial to actuate a servo slowly,

/followmg analysis shall focus on the maximum velocity
ponstralnt Vi . A servo with no load will rotate at its published
/maximum angular velocity ! nojoag. A massless arm (with no
end effector) of length r, attached at one end to the horn of the
servo, will have an instantaneous velocity V at its extremity
v = !r. However, if a load of constant mass m (i.e. a
synthetic hand) is attached to the extremity of the arm, the
servo’s actual angular velocity ! will decrease as the motor
struggles to move it. In this case, as r increases, the applied
torque mMgrcos# increases, which causes ! to decrease until
mgr cos# is equal to the published stall torque Tstg |, at which
point the velocity will be naught. The precise curve of | as a
function of applied torque is not typically published, but for
the sake of analysis it will be assumed that it is linear, as
defined by the known points, at which either ! or mgrcos#
is zero.

Substituting these points into the definition of a line gives
the following.

2
mgr <cos#
! :!noload(#i‘Fr) (8)
Tstal |
In other words, increasing I causes V to increase according
to v = !r, but it also causes the applied torque to increase,

resulting in a decrease of ! and consequently v. So what value
of I, I'gpt, will result in maximum V, Vi, ax ? First we substitute



Fig. 9. Impact angle of Mamady Keita’s hand while playing strokes

the colored parts represent quantities used in_inte thl‘lS.
vir for! and solve for v. Then, we search for the extrema by P P d

finding the derivative of v with respect to r, searching for the
value of I' (Fopt) at which the derivative is naught, and solving  degrees of freedom under consideratio w111 thus be the radial

Fig. 10. Inverse Kinematics for a three-segment robotic arm, showing the
variable names used in the analysis. The black gegments epl e arm, and
e 1
l

for ropt. distance AX, the height Ay of-th ffector above the
d 2mgr cos# drum head, and the /n, eé(\tl; hand’ with respect to the
af (V) = noload (# T Taw +1) (9)  plane of the dru In the as]e of a robot, the useful
range of locations and_angles tack will depend on the
2mgr opt COS# morphology of the partic tic hand and the particular
0 =" noload (# T Tewm! +1) (10) " grum. In thig Case, informal expefimentation with the preferred
synthetic hand has~shown the following ranges to be useful at
Fopt = 2;3?;5# (11 the moment

% 30cm (0 % 12in) (12)
In other words, the maximum velocity of a particular end-

effector (synthetic hand) given the constraints of a servo is / — # 0.4 %0.4rad (#23° % 23°) (13)
achieved when the arm is just such a length that the applied

torque is half of the published stall-torque. Because the applied Herﬁ epr ents the distance between the fingers striking
torque depends upon the angle with respect to gravity, the / the of-the drum and the palm striking the center of the
highest velocity could be achieved with a telescoping arin t dﬁ?éi}a 16 inch drum and 4 inch fingertip-to-palm distance.
shortens in length when it becomes more horizontal. This\i stimating the necessary height Ay is more difficult because
not expected to be necessary in the current application_and™ at'slow tempi human players consume time by bringing their
will not be further considered. /Vf higher (and accelerating more slowly) than is physically

ecess to achieve the desired impact velocity. This addi-
B. Three SgmentArm o \\ /\' P Y P v

‘tional height may provide meaningful visual cues to human
Wi ul musicians. Based on the analysis in III-A1 above, it is expected
ance that the following should be ample.

Ay $ 0% 30cm (0 % 12in) (14)

order to strike the drum. Howevers. infor experimentation  C. Inverse Kinematics
with natural and synthetic hands revea elffq:rent timbres Given the desired coordinates (AXx, Ay) of the arm’s end-
can be produced by striking the drum at diffe rﬂmgles, which  point and the angle $ that the last segment makes with respect
In"particular, during the (o the plane of drum head, we wish to know the appropriate
tone stroke, the wrist lies approximatelyon (or slightly below) angle of each servo, #y, #, # (refer to Figure 10 for the
t of impact, but for  yarjable names used in the following analysis). To find these,
O/ﬁ"zit- For bass the wrist jt is first necessary to calculate the two dimensional position,

ObVIOUSIY must be abq@ Iheﬁ\h\n:o e drum. These informal Po, P1, P2 , of each servo. The coordinate system shall be
dqby%{utl izing a video of djembefola  defined such that py lies at (0,0). Since the length of each

El’g e 9. His hand, in addition to gy segment, %, %, % , is constant, the position of p; is easy
sla _strikes the drum from a lower (g calculate.

Mamady Keita, as
being less rigi

Po = (AX # %cos$, Ay + %sin$) (15)

Calculating the position of p; is somewhat more involved.
First, the distance % between pg and p, must be calculated
(As depicted in blue in Figure 10(a)).

the center/of the drum as well. For the sake of the present 5 5
i Wer an orthogonal system will be imposed. The % =/P;, +P3, (16)




Here, the subsubscripts X and Yy indicate the X and y co-
ordinates of the point. Note that a solution to the inverse
kinematics will exist if, and only if % & % + %. Given that,
the position of p; is found as follows. There exists a point
ps that lies upon % and is the shortest distance, H, from p;.
The precise location of p; along % depends upon the relative
lengths, & of % and % (given here without proof).

&=0.5+ 62%/% Pz = (&P2, , &Pz, )

The length of H is found by first finding the angle #; between
% and %, using the Law of Cosines:

%+%+%

a7

# = arccos ——=>—— %% (13)
This allows H to be found using the definition of sine.
H = %sin# (19)

However, on modern computers, trigonometric functions are
typically implemented using successive approximation (i.e.
Taylor series) and consequently have a high time complexity.
Timing is highly important in musical applications, so it
is therefore desirable to simplify trigonometric expressions
where possible. Since sin (arccos (#)) =  1# #2, Equa-
tion 18 and Equation 19 may be simplified as follows.

# = %J;;ﬁg% H=9%" /1% #

Here, the prime indicates that # is no longer a valid ang
an intermediate result. H is at some angle #; with respe
vertical, which must be found in order to separate H into i
components. Because H is perpendicular to % , # is{afs-o_?the
angle #; which % makes with the horizon. This angle/C

(20)

found using the definition of cos, but since/a
defined for 0 <=#< "', angles on the in rval

must be deduced manually, according td thé~posi 2, -
~ p2x

4 — {arccos " 21
# arccos

This allows the calculation of p;:

pr=(ps, # H bln#{

Again, these trigonometric fu ct1
ing the calculation of p; as-fol
=t

p\— psy + H#,

e simplified, allow-

(23)

the™reflection of p; about %, and can be solved by
ceyof H. The solution given here, chosen

puts p; farther from the body of the drum during
normal opel,fatlon The angles #;, and # shall be calculated
ing e Ya }/ of Cosines, which means that, in addition to

,N/

m \

}a/b
coS\ g is /m»r%/

%, the length % of the third side of triangle %, % will need
to be known (as depicted in red in Figure 10(b)).

%= \/(Ax# p1, )2 + (Ay # i )R n (25)
Furthermore, in order to find whether #' @. < O wiJl
be necessary to determine whether p, lies abo below)
%. This may be accomplished by defining/the point on—%
which lies nearest to p,. This may be fo sly to
Equation 17. /“'“

B #
& =05+ A %, P4, ﬁ\&@y# bm/ (26)

2%
The X coordinate of ps is_not It is now possible to

calculate the sought ai fes #0#\ d using the Law of
Cosines and the defi t19n’ of COSQIG agal manually correcting

for negative angle \&/
arc
" # arc .y

if p, >0 27
< otherwise
+ % # O
// #{— rccos/g 2%/3)/9 & (28)

if (X > pa, ) XOR (pz, > ps,)
otherwise

\ 29)

%

IV. FUTURE WORK

%\ optimal striking algorithm for the arm remains an open

for future study. The idea is to used a closed-loop con-

{troller to bring the hand in contact with the drum at the correct
location and time and with the correct velocity, and to do so by

moving along a path that can be easily interpreted visually by
human interactors. The current solution implemented in Kiki
involves some simplifying assumptions and works acceptably
well only provided that there is not a great change in velocity
between adjacent strokes. Further research is also needed to
more rigorously assess the degree to which this robot achieves
its stated purpose, i.e. how perceptually similar its sounds are
to a human player.
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