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ABSTRACT

The contact between the piano hammer and the string is considered within a sound synthesis framework. Particular attention is
paid to the model of the felt around the hammer head.

I. INTRODUCTION ered withinModalys environment. The most striking
artefacts are summarized in section I1.2. Some of them
This work has been done in the framework of soundare obviously due to the absence of coupling with other
synthesis. For approximately ten years, physical mod-strings via the bridge and the soundboard, which can
elling has been used for sound synthesis aimed at mueasily be checked by including the missing elements
sical applications. Among other ways of producing in Modalys simulations. On the other hand we con-
sound with physical models, collision models betweencentrate in this article on the hammer/string collision.
objects have been widely used by musicians in theirThe lumped elastic collision model (notedcm in the
music. This is probably due to the rather intuitive way following) detailed in section II.3, turns out to be re-
of controlling the corresponding models. Indeed, nosponsible for other artefacts at contact time between the
matter how objects are being struck in the simulation,hammer and the string (see section I1.4). Itis then high-
sound is produced. On the other hand, this is far fromlighted how simulation results are improved including
being true for models of self-sustained instruments fora massless visco-elastic interface layer. This interface
which auto-oscillation results from the precise adjust-layer corresponds to the felt surrounding the wood head
ment of the control parameters. However, a commonof real piano hammers. Its visco-elastic properties are
feature of self-sustained and percussive instruments ignodelled using Stulov approach ([4]).
that most of the time, very simple models are able to
produce satisfying results from a perceptive point of || ANALYSIS OF SIMULATION RESULTS USING
view. Thus, simple models of percussive instrumentSTHE L UMPED ELASTIC COLLISION MODEL
have been used both in a musical context ([1] for ex-
ample) and in psychoacoustics ([2]). I1.1. Sound Synthesis Framework

Practically, a large range of percussive sounds can g ng synthesis results analysed in this section have
be generated by a simple striking model based on elasbeen produced usinilodalys software. Modalys is

tic collision principle. Such a model has been imple- 5 “gqnq synthesis software developed at Ircam for
mented in theModalys software (physical modelling esearch and musical applications. Withitodalys,

environment) developed at Ircam for more than teny,qels of musical instruments are made of mechani-

years (see [3] for the firstimplementation). cal/acoustical interactions (blow, strike, pluck, bow ...)
The case of the piano is particularly interesting. IN petween resonating components (strings, tubes, plates,

fact, a lack of realism can often be noted in synthe-mempranes, bridges, soundboard,...). The dynamics

sized sounds. Afirst reason is probably that real piantyf each resonating component are calculated within its

sounds are very familiar to listeners. Another reasongyn modal basis. Modal data include natural frequen-
could be that reducing a complex instrument like the jeg damping factors and deflection shapes.
piano (including two or three strings by note, a bridge

on a constraint soundboard, complex radiating patterns
...) to an impact between the hammer and one (or even
two or three) non-radiating string(s) is a crude approx- Let us now consider typical artefacts produced by a
imation. However, while a plucked string is not a less basic piano model made by a hammer striking a single
crude approximation of the guitar, synthesis results inunidimensional string fixed at its both ends.

a more realistic sound. More disturbingly, synthesis of We do not focus here on artefacts which are obvi-
struck strings often do sound like plucked strings!  ously due to the crude representation of the resonating
This work has been carried out, as previously said, inpart. For example, it is well known that the typical dou-
the framework of sound synthesis and is motivated byble decay phenomenon cannot be obtained with such a

feedback of musicians and our own experience in synsimple system ([5]). Moreover spectral differences be-
thesizing piano sounds using physical models. A singletween the sound synthesized and a real piano sound can
non-radiating string fixed at both ends is first consid-also be explained by the absence of a soundboard ([6]).

11.2. Typical Artefacts Often Encountered




We concentrate in the following on two major arte-  Velocity (normalised)
facts caused (as shown in section 11.4) by tleMm :

e There is a click at contact time during the syn-
thesis when listening at the striking point.

e More disturbingly, simulation results often
sound as a plucked string would do.

Note that while we have experienced that the sounc
quality (in terms of resemblance to natural sounds) of
the synthesis is largely improved by taking into ac-
count two or three strings and their coupling through
the bridge to the soundboard, the two artefacts men:
tionned above remain audible. In the next section, the

(very general). ECcM used inModalysis described, and time (samples)
an explanation of the artefacts mentioned above is pro-
posed. Figure 1. Normalised velocityvs of the struck point in a
string, with a discontinuity at contact time. The simulation
I1.3. Lumped Elastic Collision Model (LECM) uses the collision model described in section 11.3.

In the collision model considered here, only one
point of each object is concerned with the collision.
That's why it is called a lumped model.

Since the contact occurs between a single point o

before contact through the following well-known equa-
ftion:

each structure, the problem can be described without i My — Mg 2mg _

any loss of generality by the collision between two Vh my + Ms My + M Vh

mass/spring systems (i.e. single-mode systems). = (4)
Before any contact, the hammer and the string are v 2my, My — Mg _

governed by equations (1a) and (1b) respectively plus s m+mMs  Mh+ms Vs

initial conditions:
From equation (4), it can be checked that at tirae
te, the velocity of both points involved in the collision

SF = ma@ (la) undergoes a jump:
- 1)
YR = msa (1b) 2me
_ Vhl, 2 i —vy = — (Vi —Vvs) (5a)
where”h’ stands for “hammer” anis” for “string”, ¢ M + Mg

F denotes the forces applied on an objeutjs the 2m,
mass of the object an@ its acceleration. Equations | [vs],, & V& —vs = (Vi —v5) (Bb)
(1a) and (1b) are uncoupled until collision. M+ Ms 5)

The collision is supposed to be elastic, which means
non dissipative. When contact occurs (at time tc), e att — t. ([7]). Thus, the jump undergone by

momentum and energy are conserved. . velocitiesv, andvs is non zero except when hammer

Momentum conservation, once projected on an axis;y string velocities are the same just before collision
perpendicular to the string direction (the hammer and Vi =V5)
=)

the string are supposed to strike perpendicularly) lead In practice, in the algorithm used bylodalys, the

to: dynamics of each object at next time step is calculated
with an Euler scheme to solve system (1). Since the
unknown variables in the solving process are velocities,
knowingv;" andvy is enough to calculate the velocities
one time step after the contact.

This jump of velocity corresponds to an impulsional

MV, + MV = MV + mevg (2)

where”—" and”+" denote the time just before and af-
ter the contact, andis the velocity of the object con-
sidered.

Since trajectory of the contact point is continuous,
energy conservation is equivalent to kinetic energy
conservation:

11.4. Discussion
11.4.1. Clicks at contact time

According to section 11.3, it is easy to understand
m (vg)2 +ms (vs‘)2 =m (vth)2 +ms (vgr)2 (3)  why the velocity of the struck point in the string is dis-
continuous at contact time. This is simply due to an

Solving equations (2) and (3) allows us to express ve-nstantaneous momentum transfer at constant energy.
locities just after contact according to velocities just A click is heard, especially when the signal listened



is the velocity, as it is the case by defaultNfodalys Head Felt

. On figure 1, velocitys of the contact point in the
string is plotted using a more complete modal decom-
position of the string (fourty modes in this example).
The string, which corresponds to the nét& (22H 2),

is at rest before collision. The hammer (modeled as
a 1-mode system) is launched with an initial velocity
Vo = 1m.s 1, starting from an initial position under the
string. Therefore, it is only submitted to gravity. The

string is struck at one eighth of its length.
Shank

11.4.2. Resemblance between plucked and struck strings

Figure2: Scheme of a real hammer (drawn according to pic-
turehttp : //www. ptg.org/images/hmrgood.gif).
We have experienced that with the collision model

described in 11.3, impulsional contacts are likely to oc- Xs
cur in simulations. While this is yet to be proved, it |

can be supposed that this is responsible for the resem- String model
blance with plucked strings. Indeed, the duration of (vib. modes)

contact between the hammer and the string of a real pi-
ano s far from being reduced to a single instaniThis
has been discussed by many authors ([8] for example)

Felt visco-elastic | T

properties

+F

11.4.3. Need for another model of sound synthesis

Hammer model
(vib. modes)

We study in the next section a way of coping with
the two artefacts mentioned in this section. Our pro-
ceedure is therefore mainly dictated by the desire of

eliminating clicks at contact time and to simulate more Figure 3: General functionning of the refined hammer/string
realistic durations of contact. collision model

|

1. INTRODUCING VISCO-ELASTIC INTERFACE
BETWEEN THEHAMMER HEAD AND THE STRING 111.2. Model Of The Felt Visco-elastic Properties

Among other rather simple models ([9], [10]), the
. model considered to describe the visco-€elastic proper-
.1 Re_fmemem ot _The Model . ties of the felt is the one proposed by Stulov ([4]). Ac-
According to equation (4), a simple way of prevent- cording to this model (proposed in relation to heredi-

ing jumps of velocity at collision is to consider a mass- tary mechanics principles), the felt force response F to
less interface stuck on the hammer head (this can b%compron uisgiven by:

seen as a crude representation of the felt around a real
hammer head, as shown in figure 2). D et D £t
Indeed, since the contact occurs between the string ~ F (U(t) =Fo {“ - ;/0 ub(ger dE} 6)
and a massless bodjys],. = 0. Moreover, since the
head of the hammer and the felt are stuck, the points omvhere Fq is the felt stiffness constant, p is the stiff-
the common frontier move at the same velocity. There-ness nonlinearity exponent, € and t control the history-
fore the hammer head cannot be submitted to an im-dependent properties of the material.
pulse force due to collision (the contact point with the  Thismodel has been chosen for its good ability to re-
string now belongs to the interface, i.e. the felt). producethe measured interaction force when ahammer
Finally, in the refined model, the wood part of the hits arigid surface (as shown by Stulov [4] according
hammer (including the head and the shank) is describetb measurements by Yanagisawaand Nakamura ([11]),
by its modal basis, possibly including viscous damp-or more recently Stulov in [12] according to its own
ing (here again, in this article, a single mode model ismeasurements).
used for simplicity) while the massless interface is de-
scribed only by its visco-elastic properties. The princi- V. SSMULATION RESULTS
ple of this model is sketched on figure 3 wheris the -
compression of the fele is the felt thickness at rest, ~ 1V.1. Parameters Identification
F (resp. —F) is the force exerted by the felt on the  Parameters Fy, €, T and p have been chosen to fit
hammer (resp. on the string)s is the position of the  experimental data of Yanagisawa and Nakamura ([11])
contact point on the string, ang is the position of the  given by Suzuki and Nakamurain [6] (fig. 14 p60) and
contact point between the hammer and the felt. by Stulov in [4] (fig. 2 p2581). These experimental




540 Vo =0.52 | Frax |U[F=Fpp | Ult=t, | Umax | F|u—umm
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Figure 4: Simulation results (plain lines) and experimental
data (symbols) of a A1 hammer hiting a rigid surface for
different input velocities (vo = 0.52ms ™1, vo = 0.86ms 1,
Vo = 1.16ms 1, v = 1.43ms™1). The model used for sim-
ulations is described in section 111. Experimental data have
been obtained by [11] and are taken from [4].

data are force(F)/compression(u) characteristics when
ahammer hits arigid surface for different initial veloc-
ities.

For example, for a hammer Al (which mass is
m = 13g) used for note AQ, estimated values are Fo =
5.77e5kN.m~P, £ = 0.936, T = 18e 6s and p = 2.2.
This estimation has been done after many simulation
trials, as previously done by Stulov in [4] with asim-
pler hammer model.

IV.2. Rigid (no vibrating) String

The simulation results of a A1 hammer hiting a
rigid surface are presented in figure 4 for different in-
put velocities (Vo = 0.52ms™%, vo = 0.86ms™1, v =
1.16ms™1, vo = 1.43ms™1) as plain lines. Parameters
of the model are those estimated in section IV.1. The
hammer is modeled by a single-mode system. In fig-
ure 4 experimental results of Yanagisawaand Nagasaki
([11] givenin[4]) are aso presented (marqued as sym-
bols) for different initial velocities.

Simulation and experimental results presented in fig-
ure 4 are now compared quantitatively in table |, where
Vp is the initia velocity, Frax is the maximum value
of the driving force on the felt, u|F—r, is the com-
pression of the felt when the maximum driving force
Fmax is reached, uli=, isthe compression of the felt at
release, Umax iS the maximum value of the felt com-
pression, and F|y=y,,, IS the driving force on the felt
when the maximum value of the felt compression U max
is reached.

Simulation results are rather close to experimental

TABLE I: Comparison between experimental results ob-
tained by [11] (given in [6] and [4]) and simulation results
using the model described in section 111.

vop=1.43ms1

/

Vo= 1.16ms1

vp = 0.86m.s1

Driving force on the felt (N)

vp = 0.52ms1

Time (ms)

Figure 5. Time domain representation of the simulation re-
sults presented in figure 4.

ones, which confirms the conclusion drawn by Stulov
for a simpler hammer model (a rigid mass plus the
felt). Moreover, it can be observed in figure 4 that the
higher the impact velocity v, the larger the slope of the
curve during theloading. Thisisin agreement with ex-
perimental observationsof Yanagisawaand Nakamura.
However, the experimental data available have been
obtained with a low sampling rate. Therefore, some
results presented in table | could be refined with addi-
tional experiments.

It is aso worth noting that the duration of contact
and itsreduction astheinitial velocity isincreased (see
figure 5 for simulation results) is comparable to exper-
imental results presented by Suzuki in [6].



1V.3. Vibrating String

The string corresponding to the note A3 (220H2) is
considered in this section. The mass of the correspond-
ing hammer is m = 10.6g, and estimated values for
the parameters of the model are Fg = 2.24e3kN.m~P,
£ =0.953, 1= 7e %sand p = 3.3. Again, these numer-
ical values have been estimated according to experi-
mental data obtained by [11] with arigid string.

First of al, it can be observed in figure 6, that as ex-
pected, the velocity vs of the struck point on the string
is now continuous. Modal data of the string used for
the simulation are the same as the one used in figure 1.

Next, numerical simulations of Force(F)/compres-
sion(u) characteristic and time evolution of F are pre-
sented in figure 7 and 8 for an initial hammer velocity
Vo = 3ms L. Their relevance can hardly be evaluated
according to experimental results, for two reasons. The
first reason is the lack of data available (in fact to the
authors' knowledge, only partial experimental results
have been published by [13]). The second reason is
that simulation results highly depend on the model of
the string. Consequently, a direct comparison between
simulation and experiment do not allow to evaluate the
collision model only.

Finally, simulation results can be analysed and com-
pared to those obtained in the case of a static string,
as it is done below. Compared to figure 4, loops can
be observed in the force/compression characteristicson
figure 7. These loops correspond to ripples in figure
8. They are due to the division of the string into two
sub-strings during contact. In figure 8 for example,
the string (220H2) is struck at 5/41 of its length. The
ripples observed have a period of 0.52ms and corre-
spond to the oscillation of the shortest sub-string (i.e.
the length of which is 5/41 of the string Iength). Note
that the period of a sub-string fixed at both ends should
be 5/41 of 1/220, i.e. around 0.55ms. However here,
one end of the sub-string is not fixed: indeed, the limit
condition is defined by the felt characteristics and is
therefore nonlinear. This explains the difference be-
tween the measured period (around 0.52ms) and the pe-
riod estimated according to the ratio between the string
length and the sub-string length (around 0.55ms). Note
that the oscillation period of the longuest sub-string is
less than 4ms, and is of the order of contact duration.

Moreover it can be observed that the contact dura-
tion is of the same order as durations experimentaly
measured by Hall ([8]) or Askenfelt and Jansson ([14]).
Again, smulations for different initial velocities (not
presented here) highlight that the larger the impact ve-
locity, the shortest the duration of contact. Compared
to simulations donewithout the model of thefelt, larger
durations of contact are observed, which probably con-
tributesto the improvement (which has been perceived)
of the realism in the synthesized sound.

V. CONCLUSION

This work was mainly motivated by the analy-
sis of sound synthesis results obtained with Modalys
software when simulating piano sounds. The ham-

Velocity (normalised)

time (samples)

Figure 6: Normalised velocity vs of the struck point of a
string, without any discontinuity at contact time (hammer
head covered with felt).

Driving Force on the felt F (N)

Compression of the felt (mm)

Figure 7: Force(F)/compression(u) characteristic: simula-
tion results of ahammer hiting the A3 string (220H2) at 5/41
of thestring length. Initial velocity isvg = 3ms~1. Themodel
is described in section 111.

Driving force on the felt F (N)

. time .(;ns)

Figure 8: Time domain representation of the simulation re-
sults presented in figure 7.



mer/string collision has been considered. After hav-
ing shown that the Lumped Elastic Collision Model
(used in Modalys ) was responsible for two annoying
sound characteristics (aclick at contact time, and are-
semblance with a plucked string), the model was mod-
ified in order to get rid of these artefacts. In practice,
the model improvement correspondsto the inclusion of
a massless felt around the wood-head of the hammer.
Visco-elastic properties of the felts have been modeled
using Stulov approach. The modal approach is kept to
describe the hammer (i.e. the head, the shank ...) and
the string.

From a sound synthesis point of view, the model is
promising. Our efforts are now mainly concentrated
on two goals. Thefirst god is to build areal-time soft-
ware in order to evaluate the model within a live mu-
sical context. The second goal consistsin carrying out
experimentsin order to feed the model with the best pa-
rameters for each hammer. These parameters should fit
experimental data both in the static and in the dynamic
cases (which remains an open question). The ability of
the Stulov model to reproduce experimental data will
then be evaluated more systematically and compared
to other recent approaches ([10]).
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Bensoam for very profitable discussions and sugges-
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