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Abstract
A piano hammer testing device, designed for measuring the docceompression histories during a

hammer strike on a rigid surface, is described. The deviceuged in recording dynamic force-
compression characteristics of piano hammers. The measurenmestcampared with simulations
obtained with a hysteretic (hereditary) model of felt hammdrs.€lastic and hereditary parameters in
the model were determined for various hammers by matchinginiéased force-compression
characteristics to the measured data. A good agreementheithdoretical model was obtained. The
influence of string dummies of different diameters on the hanpaermeters was examined, as well
as the influence of the air humidity. Hammers from differeahufiacturers were compared, and the
changes in the hammer parameters during the voicing processsdibcliie continuous variation in
the hammer parameters across the compass of the piano were detesménget ©f hammers.

PACS: 43.75.Mn, 43.75.Yy



1. Introduction

The development of the piano over several centuries has teBullecomplex instrument. The
hammers and strings form the basic sound-generating elemehts gibno, and a number of studies
have been devoted to the hammer-string interaction. Good resfqwsvious work are given by Hall
[1], Suzuki and Nakamura [2], and Fletcher and Rossing [3]. eMecent publications include a
tutorial by Conklin [4], and interesting work on piano hammersRogsell and Rossing [5], and
Giordano et al [6,7]. The focus of these studies has been on improaithgmatical models of piano
hammers, and advancing the experimental investigations of #radtion between the hammer and
the vibrating string. Most studies have used a power law fompitseo hammer model, without
considering the hysteresis effects.

To our knowledge there is only one study (Yanagisawa and Nakd&jyrashich reports direct
experimental research on the compression characteristics b fpiammers. These important
experiments demonstrated the main dynamical features of pianodnan{a) the nonlinearity of the
force-compression characteristics of the hammer, (b) the siiependence of the hammer velocity on
the slope of the loading curve, and (c) the significant influerickysteresis, i.e. the loading and
unloading processes of the hammer felt are not identicahdtalso shown for the first time that the
hammer felt is still deformed after the acting force has ceased.

An experimental investigation of the compression characteristipano hammers, carried out
almost 20 years later [6], aimed at verifying previously gmésd hammer compression models in the
form of a power-law dependence. An interesting contribution to the-tmmpression characteristic,
attributed to the bending of the hammer shank, was reportede$uks were, however, somewhat
ambiguous as a direct measurement of the hammer compressiatyzovided in the experiments.
Instead, an accelerometer mounted on the wooden core of the hammernbesedy and the hammer
felt compression was obtained by integrating the acceleratime.twhe striking velocity of the
hammer, which is an independent value in the experiment, was agsmithetd by integration. Such
an approach may lead to erroneous conclusions about the form of thecdompeession
characteristics of the hammers tested.

A new, nonlinear, hysteretic model of the piano hammer that isgmod agreement with the
experimental data presented in [8] has been described by the pratbemt[9]. The model is based on
the assumption that the hammer felt (made of wool) is a miaobvstal material possessing history-
dependent properties, i.e. a material with memory. In addition tdakcgparameters, two hereditary
parameters (hereditary amplitude and relaxation time) are intrdduceder to describe the hysteretic
behavior of the hammer.

The aims of the present study are to (a) collect new expat@ndata on piano hammers for
comparison with the hysteretic model described in [9], (b) compaiiatdraction of the hammer with
string dummies of different diameters, (c) compare piano hasmnpeoduced by different
manufacturers, (d) investigate the influence of air humiditgt voicing on the hammer parameters,
and (e) estimate the continuous variation in the hammer parametesstheroempass of the piano.

A special piano hammer testing device was designed faxgberiments. Descriptions of the device,
calibration procedures, and accuracy of measurements are pravi@ections 2-3. A procedure for
determining the hammer parameters using numerical simulatidedcribed in Section 4, and the
experiments investigating topics (a) through (e) above are egporiSections 5-9. The interaction of
the hammer with a vibrating string will be described in forthcoming pgpeesalso [10,11]).



2. Hammer testing device

The hammer testing device is shown in Fig. 1 (a). The main physiceipteiof the device is to
use the force of gravity for the hammer movement. The hammer is nohéabibg a key action as in a
piano, but falls down freely. This principle makes it possibleliminate the influence of the bending
of the shank on the measurements. The shank was made d #taigium tube, and therefore any
bending of the shank due to inertial forces is extremely small (see83)ct.

The design provides hammer velocities in the range from 0.3 to %.5This range does not
cover the range of hammer velocities in real playing, whichbsamp to 5 m/s in grand pianos.
However, here the hammer does not strike a flexible stringabiigid object, and therefore the
compression force and the hammer felt deformation will rddagh values for lower velocities.
Moreover, our experiments show that the hammer parameters saetiglty independent of the
hammer velocity, and therefore a maximum value of 1.5 m/s is not a strotagitin.

Fig. 1 (a). Hammer testing device.
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Fig. 1 (b). Functional scheme of the hammer tesfiengce.

The functional scheme of the device is shown in Fig. 1 (b)fiXimg rod determines the initial
position of the hammer. By changing the altitlilever the horizontal level the anglecan be varied,
and thus the velocity of the hammer at impattKing velocity. On pulling a trigger the hammer falls
down and strikes a flat facing on a force sensor. Alterfgfigesteel dummy, simulating a piece of
string, can be attached to the force sensor. The base of theséms@r is adjustable in the vertical
direction in order to provide a horizontal positioning of the starike strike ¢ = 0) for all sizes and
types of hammers.

An infrared optical system was developed for registration hef hammer compression. The
displacement of a flag placed at the end of the shank is measured by the chighgétemnsity as the
flag passes through the detector area of a fixed optical séifssrenables the determination of the
position of pointA on the hammer by simple geometrical relations. The momeimanymer
compression is defined as the difference between the initiahkaposition just before the strike and
the current position. The general design of the hammer testincgedewery robust, the weight of the
base plate being 4 kg.

The analogue signals from the force and optical sensors arerteahiveto two sets of data by a 12-bit
digital signal processor with nhominal input range 0-5V (resmiufi.2 mV) and throughput rate
285 kHz per channel (sampling periogh§). The device is controlled by a PC in which the force and
displacement signals are stored. The calibration of the fand displacement sensors as well as the
determination of striking velocity are described in the followingisest

The piano hammer testing device is not intended to be a cantlaleasuring gauge for
determination of piano hammer parameters in manufacturing. Itdesigned for the purpose of
laboratory testing of hammers by simultaneously recording fancehammer deformation during a
strike in order to obtain force-compression characteristics.



3. Calibration

3.1 Force sensor

A custom-made piezoelectric force sensor (diameter 20 nith)anthin, flat facing was designed for
the hammer testing device. The sensor was connectedaditagevamplifier. A typical output signal
directly from the sensor during a hammer strike as registey a digital oscilloscope is shown in Fig.
2, and compared with the output of the amplifier.

signal output (V)

time (ms)

Fig. 2. Measured and corrected signals from theefsensor; Oscilloscope signal from the piezoetestnsor (solid
line), output from voltage amplified6ts, corrected force signatrfangles, and correction termaéterisky. The end of the
force pulse is indicated iy (see text).

The output signal from the amplifier shows a undershoot due moitedi input impedance. The
recorded signal was corrected numerically in the computer according to

du

t
Up =U, +C,— +C,[U dt . 1)
0

Here Uy is the corrected signal atd} is the registered signal. The constaBitsand C, were found
numerically by introducing the constraint that the signal show@dhreero level after the end of the
force pulse. It emerged that only the third term contributethéocorrection term@, = 0). The
correction term compensates for a high-pass RC circuit tmith constant I, = 0.95 ms (cut-off
frequency 170 Hz). The circuit is made up of the input resistantte amplifier in combination with
the capacitances of the sensor, cable, and amplifier. The esr@aput signal, from the amplifier
traced the signal from the sensor accurately (see Fig. 2). Thetmorrerm is also shown.

The variation in zero level of the force signal after the end of a sti&edo noise did not exceed
0.01 V, which corresponds to a force less than 0.1 N. This valsi¢akan as the threshold level for
determining the end of the force putgésee Fig. 2). The same criterion was applied for determining
the onset of the force pulse. The error in the determinatidreafuration of contact (as defined by the
threshold values) did not exceed 2-3 samples (gs21



The force sensor was calibrated by dropping a loose hammerntesdel of hard wood (not
attached to the titanium shank) on the facing. A piece of thikystape prevented the hammer head
from bouncing up from the sensor. Integrating the force signal ovecdhgct time gives the
mechanical impuls®, of the hammer in electrical units (Vs). The hammer nmasand dropping
altitude Hy are known, and therefore the impubg in mechanical units (kgm/s) is also known. The
force calibration coefficierk; is given by

KiFR =My =mV, =m,y/2gH, , 2

whereV, is the hammer velocity at impact, agdhe gravity constant. The value of the calibration

coefficient, 11.5 + 0.7 N/V (x 6%), was found by averaging the t®gifla series of measurements

with different dropping altitudesl,. The main cause of the spread in calibration data was dbe to t
fact that the hammer did not always strike preciselhatcenter of the force sensor. The value of the
force calibration coefficient changed when string dummies were attasde®éct. 5).

3.2 Hammer position sensor

The optical sensor, used for the hammer compression measuremeasitd)e a more precise
instrument than the force sensor. The history of the compressithe felt during the loading and
unloading of the hammer reflects the hysteresis of the pramedsso the device must be capable of
giving accurate measurements of even small hammer deformalibesoptical sensor has two
outputs; one DC output used for static measurements, and a emwitve AC output, used for
dynamical measurements.

The calibration of théAC channel output was carried out using the same custom-made hamme
head of wood as above, now fastened to the titanium shank. Theflthedorce sensor was lowered
so that the flag on the shank could pass the optical sensor entirely befosenther touched the force
sensor. During the free fall of the hammer, the aperture igssigely closed. By recording the output
signal Uxc, we can find the timd; during which the hammer passes through the aperture. The
moments when the flag entered and closed the aperture, redyeatiges identified inUac by
comparison with the known static values for completely open and closed aperture.

The working range of the apertudeis a constant value determined from static measurements
using a dial gauged = 3.05 + 0.01 mm. The frictional torque in the hammer testing devase
checked to be very small and may be neglected here. Therefbile falling the short distance
corresponding to the width of the aperture only the force of graiinges the hammer velocity.
Thus, we can determine the hammer posi¥aturing the passage of the aperture from

X =V, t+% gt . (3)
Using the boundary conditiox = d att = t; we have the hammer velociy att =0
d 1
V,=——-= : 4
7L T2 gy 4

Equation 4 enables us to find the hammer veldéitst the moment when the flag reaches the aperture
by measuringt;. ' This is the first step in deriving the dynamical calibratamve for hammer
position.

The value ot; can be obtained with a maximum error of two time steps (£ 0.014 ms), one at the
beginning and one at the end of the passage of the flag througipehtere. Even for the lowest
hammer velocity used (about 0.4 m/s), the rate of changeltage from the optical sensor exceeded
the resolution limit (1.2 mV/time step) at the moments wihenflag entered and closed the aperture,
respectively.

! Note that when making the actual measurementsihdmmer tests a different procedure of determitiisdhammer velocity just before
the strike is used, see Sections 3.3 and 4. Iteits, the optical system is used to measure theression of the hammer and the hammer
does not fall freely during the passage of the ffegugh the aperture.



The small measurement error in the determinatiofy gives a high accuracy in the velocity
determination. For example, if we fing= 3.430 + 0.014 ms (which corresponds to a hammer velocity
in the mid range for the testing device), then according to Bqwé¢ haveV; = 0.872 £ 0.007 m/s
(x 0.8 %). The relative error i, did not exceed 1% for any velocity.

The second step in the hammer position calibration is to transfornmctreed signal from the optical
sensor (voltage vs. time) to a function of the current hanposition X, using Eqg. (3) and the
calculated value ofv; from Eq. (4). The calibration procedure was repeated for thagemier
velocities, giving the dynamical calibration curve in Fig. 3.
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Fig. 3. Dynamical calibration curve showing hammpesition vs. output voltage from the optical sen3be zero
level in hammer position corresponds to a horidguaaition of the hammer (the flag reaches thetape of the optical
sensor). The data points correspond to hammecitieof 0.672, 0.872, and 1.071 m/s. The sofid Is a polynomial fit to
the data. Only the middle section between thaethines was used in the measurements on hammers.

Three sets of data, obtained for hammer velocities of 0.672, &rir2.071 m/s are displayed.
The solid line is a Border polynomial fit of 42 points of experimental data obtaiusidg a least-
squares method. This polynomial defines the dynamical calibratiom ¢arvhammer position. In
order to increase the measurement accuracy only the middle, dineast section of the working
range was used in the hammer tests. This limited the roaximneasuring range for hammer
compression to about 1.5 mm.

In order arrive at an estimate of the resulting uncertainty in thendasdion of the hammer
compression, a regression line fitted to the middle section of theatlibcurve was computed
together with the associated 95%-confidence interval. As the hammpression is obtained as a
difference between two readings only the uncertainty in the slope of tiessien line is of interest.
The slope estimated by the confidence interval was 0.38 £ 0.012 mm/V (x3%ix.dfgr ldlows with
the testing device, giving a maximum hammer compression of about 1 mmstihaelerror in the
compression measurement was thus less than 0.06 mm. Note that theortjresgives an upper
estimate of the error in the compression measurements. The athratioa curve, defined by the
polynomial fit, gives a better performance.



The error in the compression measurements due to the quantization of thevolthget from the
optical detector was very small, far less than the errors introduced bydkrtainty in the calibration
curve. The nominal resolution in the measurement of hammer position was 1.2.88&vmm/V =
0.0005 mm for the middle section of the calibration curve.

A high accuracy in the compression measurements can be achievedtbrdyeny rigid
configuration of flag, shank, and hammer. In particular the bending of the letf plaet shank is
important as the flag is placed at this end (see Fig. 1). The shank bendingratréal forces as the
hammer strikes the force sensor can easily be estimated. A maxiahugrof the hammer
deceleration (1600 - 2000 rfysvas observed for the rigid hammer made of wood. A numerical
estimation of the maximum flag displacement due to the bending of theritambe for this case
yields a value of 0.006 mm.

The calculated maximum bending of the titanium tube was verified exgamafty. With the wooden
hammer resting on the force sensor, the initial position at contacheasured by registration of the
DC-coupled position sign&lpc. Then the same signal was registered during a hammer strike. Only
for very hard strikes a difference in hammer position before and during teasobserved,

reflecting the combined effects of bending of the titanium tube, and compressi@wooden

hammer and force sensor. For the hardest possible blow with the deviwe ratximum limit of the
force sensor) this difference reached a value of 0.01 mm. The deceleratioorafial felt hammer is

at least several times less than that of the wooden hammer, and thdisiémeénof the bending of the
titanium shank can be considered as negligible.

3.3 Presetting the hammer striking velocity

We know that piano hammers possess hysteresis, which meatigethate very sensitive to the
rate of loading. For this reason the velocity of the hamatempact (striking velocityv}) is an
important parameter in a determination of hammer propearesit must be known with a rather high
accuracy. The exact measurement of the striking velatigach hammer test relied on a numerical
method, integrated with the processing of the recorded compredatan(see Sect. 4). In the
experiments, we must, however, be able to preset an approxim&iegsuglocity on the testing
device. This was done by setting the initial altittieelative to the horizontal position of the shank at
the strike (see Fig. 1 (b)).

Thin strokes with a spacing of 1 mm were marked on the fixddgar this purpose. By letting
the hammer fall freely and using the method of velocity detextiain described in Sect.3.2, a simple
empirical relation to calculaté,[m/s] from the altituded [mm] was derived

V, =—29[10°H2+ 0.2/H . (5)

Using this formula the geometry of the moving parts of thdcdeand additional forces, such as
friction and air drag, need not to be taken into consideratioall & included in Equation (5). The
instrumental error of the altitude determination was rathrgeJ&AH = 0.5 mm. The corresponding
maximum error in the preset striking velocities did, howewet, exceed 0.025 m/s (6%), which
occurred for the caged = 4 mm, givingV,, = 0.40 m/s. Nevertheless, Eq. (5) was used only to preset an
approximate target value of the striking velocity.



4, Numerical smulation of hammer tests

The following section presents a systematic approach forndieiag the hammer parameters,
using measured force-compression characteristics from the dratasting device and a theoretical
model of the hysteretic piano hammer. The model was derived in [9] in the form

t
Fu®) =Ry u”(t) - [u”(@ exp(‘( t} df} . ()
z-0 0 TO
HereF(u) is the force exerted by the hammer arid the hammer compression. The hammer stiffness
Fo and compliance nonlinearity expongnare the elastic parameters of the hammer, and hereditary
amplitude constant and relaxation timey are the hereditary parameters. According to this model, a
real piano hammer possesses history-dependent properties, orriwaitig, it is made of a material
with memory.

The hammer parameters may be obtained from numerical simslaifame dynamical tests.
This procedure, previously presented in [9,12], is based on a maitemaodel of the experiments
with the piano hammer testing device. In short, the impact ohanemer can be described by the
equation of motion

2
mo‘;tf#(u):o, )

with the initial conditions
du
=0 =V, ®)

Here, as abovay, andV; are the hammer mass and the striking velocity respegtigad F(u) is
defined by Eq. (6).

Initially unknown, the values of the hammer parameters arengltady iterated numerical
simulations. The force-compression characterisfig is first calculated from Eq. (7) using plausible
initial values of the parameters. The simulations are thenep@atedly, each time with manually
adjusted parameter values, until the model prediction is in good agrewitiethe experimental data.

Let us consider this procedure in an example with a hammer mamethdy Renner (key
numberN = 14, note Bh= 58.3 Hz) A test is run with the hammer testing device. The signal tham
force sensor is corrected according to Eq. (1) and convertéorde units using the calibration
coefficientK;. The hammer compression history is obtained from the hamposgion signal, using
the dynamical calibration curve in Fig. 3. The force and comipressstories for three tests with
different hammer velocities are presented in Figure 4(a) and (b).

In Fig. 4(c) the force-compression characteristics, obtained dogbioing the force and
compression histories, are displayed. The arrows show the ialiecdf the compression and
decompression branches. A significant influence of hysterenisclearly be seen in the hammer
characteristics (the loading and unloading of the hammer do not ftiilbeame path). Moreover, the
slope of the force-compression characteristics increasksngiteasing hammer velocity, just like the
model of the hysteretic hammer predicts.

In order to provide a numerical simulation of the experiment, dae values of the striking
velocity V, must be known. The altitudé in the series of experiments in Fig. 4 was equal to 47, 26,
and 14 mm. According to Eq. (5) the striking velocities were 1.31, ar@0.74 m/s, respectively.
The accuracy in the preset striking velocities was + 0.01 m/s in adl thses.
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Fig. 4. Comparison of measured data and numeriicallations in a test of a Renner hammigr=14, note Bp= 58.3 Hz)
showing (a) force histories (b) compression histy and (c) force-compression characteristitee &rrows show the
directions of the compression and decompressiomches. The symbols denote measured data for harstriking
velocities 1.31 m/sdjamond$, 1.00 m/s ffiangleg, and 0.74 m/shiullety. The solid lines are the numerically simulated
curves.

However, the numerical simulations of the hammer tests offer aprnacécal and accurate method of
determining the striking velocity of the hammer. Accordingh gecond initial condition (Eg. 8), the
time derivative of the compression at the beginning of the psasesqual to the striking velocity.
Further, Figure 4(b) shows that the initial parts of the corsfesistories are approximately linear
for a rather long time. This fact is used in the simulatimygram, which automatically provides an
approximation of the first 20 points (Ot< 0.2 ms) of the compression data by a linear function using
a least-squares method [13]. The coefficient of this fihés striking velocity of the hammer. The
values ofV,, in Fig. 4 determined by this method are 1.306, 0.995, and 0.740 m/s, respettiesie
values are very close to the preset values of 1.31, 1.00, and 0.74 m/s.

The accuracy implied by the curve-fitting method is very hiffiie squared linear regression
coefficientsR?, indicating how well compression data is explained by a belitdi were above 0.999
in all three cases. However, the dynamical position caldsraturve, on which the compression data
are based, is not as accurate and reduces the accuraeydetéimination of the striking velocity to +
0.01 m/s. More importantly, we do not need such a high accuracy. Dueatteeoff procedure in the
determination of the hammer parameters in which severt&riariare considered (see below), an

10



accuracy of £ 0.03 m/s was estimated to be sufficient for lantesting purposes. This accuracy in
striking velocity can easily be reached by the described ncahariethod (and in fact even by a
careful presetting of the altitudi).

In the numerical simulations, the parameters are chosen lsaich good agreement with the
experimental data is obtained simultaneously for both force and cssigrehistories. This means
that not only similar shapes and magnitudes of the simulatddegperimental curves should be
obtained, but also that the duration of the calculated contacstimdd be close to the experimental
value. The contact time was here considered as the primtagiarrj because the contact duration is
an objective and well-defined quantity to measure. The hammer parameteichagen in such a way
that the difference between the measured and simulated tcontas was reduced to less than 0.01
ms, while reaching an approximate matching of maximum valuésrad and hammer compression
simultaneously. Visual inspection of the simulated curvesgn4~shows that it was possible to reach
a good match of all three quantities simultaneously.

All simulated curves in Fig. 4 were obtained using only one combinatibammer parameters:
Fo= 8800 N/mrf}; p = 3.95;£=0.992;1, = 2.0us. Only the value of the hammer striking velocity was
varied. The best fit was achieved for striking velocivésl.32, 0.99, and 0.72 m/s, respectively.
These values are very close to the striking velocitiésrioéned in the experiment, in fact within the
limits of measurement accuracy (£ 0.03 m/s). The estimatedtaimtg in determining the hammer
parameters was approximately +1% gy + 0.02 forp, + 0.002 fore, and + 0.1us for 1.

The accuracy in determining the hammer stiffrléseind the other hammer parameters is not
primarily related to the accuracy of the hammer testingcdeWhe main cause of the uncertainty in
the estimation of the hammer parameters is connected wittatheoff between the parameter values
during the matching of the simulations to the measured data (thwimiee quantities are matched
simultaneously).

The successful matching demonstrated in Fig. 4 is an impodsanit. The three sets of data,
corresponding to three different striking velocities, weréchred accurately by simulations using the
sameset of hammer parameters. This result indicates that gterhtic hammer model gives a good
description of real piano hammers. For a single force-cassjme characteristic, an almost perfect
match between simulated and experimental curves can be achieved.

5. Influence of string diameter

When the hammer strikes a string instead of a flat seirfas obvious that the conditions of the strike
are not quite the same. A thin string penetrates into the hammer mdydteasa thick string or a flat
facing, as it does not directly engage the felt acrossuthevitith of the hammer. On the other hand,
the outer parts of the hammer, which are brought into play by a shiclg, are softer and may
compress easier than the deeper layers at the center. Ferehssns the changes in the hammer-
string interactions for different striking conditions are not evident.

A set of measurements was performed to clarify whether timenlea parameters depend on the
diameterd of the struck string or not. The results obtained with the abflat facing were compared
with the results produced by striking different samples @l stdinders (string dummies) placed on
the force sensor. The force-compression characteristics radagor three diameters of string
dummies, all at a striking velocity, = 1.31 m/s i = 47 mm), are presented in Fig. 5 The force
calibration coefficien; had to be adjusted for the differences in loading of the feeosor as the
mass of the dummy reduced the sensitivity. This was done usinfprites calibration technique
described in Sect. 3.1.
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Fig. 5. Influence of the string diameter on theeéecompression characteristics (Renner hamiser16, note = 65.4 Hz).
Measured data for flat facingi@mond$, and string dummies with diame@r= 1 mm (riangles, 2 mm (stars), and 5 mm
(bullety The force calibration coefficietd; was adjusted to each case because of the difiséndoading of the force
sensor by the dummies. The solid line is the nuradyi simulated curve.

As seen in the figure, the data obtained with the flat faaimythe three string dummies follow
essentially the same curve. This result indicates thaptbeess of the hammer-string interaction
actually may depend very little on the diameter of the struck ttimthis respect, testing of hammers
against a flat surface would give a fair approximation ofréfa conditions in a piano. The solid line
in Fig. 5 is the simulated force-compression characteristic @atdor hammer parametdfg = 7700
N/mn?, p = 3.60,6= 0.992,1, = 1.8s.

6. Comparison of hammersfrom different manufacturers

The next series of measurements was carried out in ordentpace piano hammers from different
manufacturers. Four brand-new (unvoiced) hammers with simtilaensions and massasy,= 9 g
+0.2 g) produced byAbel, Imadegawa and Renner (old and new type), were chosen. The
experimental data are compared in Fig. 6(a). The strikifogig was approximately equal ¥, = 1.0

m/s in all tests (see Table 1). All hammers fell from ghene altitude in the testing device, and the
small velocity differences were caused by differencegeimmetry, size, and mass of the hammers.
The values of the hammer parameters obtained from the simulatiorisphaget] in Table 1.

2 The conclusion drawn in [10] about the influené¢he string diameter on the hammer-string intésacmay have been too
strong. In that study the force calibration coééiint K; was not adjusted for the difference in masseb@tiummies.
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Fig. 6. Comparison of four new (unvoiced) hammieosn different manufacturers (a) Experimentallyasered force
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type pullets. (b) Calculated force-compression characterigticsery fast (instantaneous) compressieft prancheyand

slow (static) loading right branche}.

Hammer type

Quantity Abel Old Renner Renner Imadegawa
Fo (KN/mnP) 15.0 17.0 14.0 11.3
p 4.25 4.00 3.85 4.30
£ 0.994 0.995 0.995 0.992
To (Us) 2.00 2.30 2.25 2.40
Vi (M/s) 1.05 1.08 1.10 1.04

Table 1. Numerically determined parameters of hararfiem different manufacturers.

The results in Fig. 6 suggest that the differences in fasogression characteristics between
(unvoiced) hammers from different manufacturers are not sigmjificant. The force-compression
characteristic of the new type of Renner hammer is lesp $tan for the old type, and the shape of
the characteristic is approaches that of the Imadegawa hamhe old type of Renner hammer is

more similar to the Abel hammer.

The similarity of piano hammers from different manufacsimay also be demonstrated in the
frequency domain by calculating simulated string spectréosand Magi [10] have shown that there
were no specific distinctions between the hammers tested abtarens of string spectra. The largest

difference in mode energy level was found for th® fd4rtial, reaching 3 dB.

The close agreement between the performance of hammers fferemtiimanufacturers can be
demonstrated also in another way. In Fig. 6(b) the calculateddoropression characteristics of the
same hammers as in Fig. 6(a) are presented for veinarf@ slow loading according to the theory in

[9]. The left branches represent instantaneous loading given by

F(u(t)) = F, uP(), (9)
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and the right branches represent static loading given by
F(u)=F, @-&)u®({). (20)

In spite of some differences in hammer stiffn€gs nonlinearity exponenp, and the hereditary
amplitudec (see Table 1), the resulting characteristics have a simjaaggnce.

It seems reasonable to conclude that piano hammers producedebgndimanufacturers have
similar elastic features, their dynamical compression behawirather similar, and in the frequency
domain the hammers are also almost indistinguishable (atifeagnulations). This observation is
somewhat surprising as a piano hammer is a rather comglighjiect. Modern piano hammers have
a wooden core covered with one or two layers of compressed woaltielie stiffness increases from
heavy bass hammers to light treble hammers. Felt made dfhasdbeen used for piano hammer
manufacturing for almost two hundred years. In spite of many pi$etn develop a more suitable
material, wool felt is still a unique coating material foaar hammers. One of the most important
features of the hammer felt is the ability to provide muchhiver sound for a strorfgimpact than for
a weakpp touch. This means that the felt stiffness increases with theféading.

All hammer manufacturers use wool felt, but the preparatioogss of the felt as well as type
of glue and impregnation compound and stretching and compressing ot tsteifedver the wooden
molding differ. All these technological procedures of hammer ngakire the know-how of each
company. However, in spite of company secrets and long-term tregitioe dynamical features of
hammers made by different manufacturers seem to be siifiilarreason is without doubt the basic
features of wool felt. It is well known, and further illustidtin the present study, that felt, being a
microstructural material, possesses history-dependent properties. t® these properties the
dynamical behavior of contemporary piano hammers shows pronouncetes$igsie compression-
expansion. In addition, the hammer stiffness is strongly dependdin¢ striking velocity. The ratio
of the slopes of the force-compression characteristic for sleny (p) and very fast loadingff},
respectively, which is defined by =1-¢ [see Eqgs. (9) and (10)], can reach 0.003 for treble
hammers. At present it seems that only wool felt can providatigerin volume and quality of sound
pianists demand in performance.

7. Influence of air humidity

The negative effect of high air humidity on the sound quality afqsas well known. The next series
of measurements was undertaken to investigate the influendeuoges in humidity on the hammer
parameters. A Renner hammer of the new tipe 20, note E= 82.4 Hz) was tested for this purpose.
The experiment was run in a normal laboratory room when the hymidis suitable for the
measurements. A simple type of psychrometer was used fomitdtey the humidity. A very damp
day was chosen for the measurements at a humidity of almo%t. 180very dry hammer (0%
humidity) was prepared by heating. The hammer was held oveleddaip and exposed to the heat
during a half an hour. The experimentally obtained force-compresisaacteristics for 0, 50, 70, 80,
and 100% humidity are presented in Fig. 7. In this experiment tkimgtvielocity wasv,, = 1.05 m/s
for all measurementsThe values of the numerically determined parameters of thenkaare given
in Table 2.

% The hammer was not removed from the testing dehéteeen measurements, which gives a high reprbitiicin striking
velocity.
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Fig. 7. Influence of air humidity. Measured foraemgpression characteristics of a hammer at @lanfond¥, 50%
(triangles, 70% 6targ, 80% pullety, and 100%<gquare¥ humidity. Renner hammer, new typeé £ 20, note E= 82.4 Hz).

Quantity Air humidity

0% 50% 70% 80% 100%
Fo (KN/mm) 16.0 10.0 7.4 5.8 4.7
p 3.72 3.72 3.72 3.72 3.72
£ 0.992 0.992 0.992 0.992 0.992
To (Us) 2.7 2.8 2.9 3.0 3.1

Table 2. Numerically determined parameters of anlRehhammer of the new typsl € 20, note k= 82.4 Hz) for different
values of air humidityV/,, = 1.05 m/s for all measurements

The results demonstrate clearly that the influence of the humidityedmaimmer parameters is high;
the hammer becomes softer with increasing humidity. The hammer stinessy be reduced more
than a factor of three, and the amplitude of the force-compressiors daweases. Both the reduction
in hammer stiffness as well as the change in the relaxation constantribute to the significant
differences between the force-compression characteristics fmt 008 % humidity, respectively.

The increase i, with increasing humidity makes the area of the curves wider. Asla teswcontact
duration for the ‘damp’ hammer is approximately 10% longer than for thieaasimmer. The two other
hammer parametepsande appear to be less sensitive to air humidity. From a physical point of view,
an increased moisture content does not change the structure of the fekt{dad it may make the
wool fibres softer and act as a lubricant. The friction betweenhlesfmay therefore be modified,
resulting in a change in stiffness and affecting the relaxation constant.

8. Influence of voicing

An important method for changing the tonal quality of a piano tenkyivoicing; a mechanical
treatment of the piano hammer by needling. A ‘hard’ hammer casoftened by piercing it with
needles. The qualitative influence of this procedure was ige¢stl by testing a Renner hammer of
the new type N =37, note A = 220 Hz). A new, unvoiced hammer was run initially. Then the
hammer was subjected to rather violent voicing by piercing avitteedle 10 times down to 10 mm
depth in the vicinity of the striking area. The strikingoaily wasV, = 1.1 m/s for all case€sThe
measured force-compression characteristics of the hammee barfidr after voicing are shown in
Fig. 8. The curves show a strike of the hammer before voicindirshand third strike after voicing,
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respectively, and after a large number of strikes when theewvaf the hammer parameters have
stabilized. A clear change in the force-compression chaistitdrefore and after voicing is observed,
followed by a recovery towards the initial characteristic aftergelaumber of strikes.

4 5 T T T

30+

force (N)

15 F

0.0 0.2 0.4 06 08

compression (mm)
Fig. 8. Influence of voicing. Force-compressionreleteristics of a Renner hammer of the new tyyre 87, note A =220
Hz) before voicingdiamonds, the first strike after voicingo(llets, the third strikegtarsg, and after a large number of

strikes {riangles.

Case number

Quantity 1 2 3 2
Fo (kN/mn) 32.0 19.0 23.0 25.5
p 4.0 3.74 3.74 3.74
£ 0.997 0.997 0.997 0.997
o (Us) 1.0 1.5 1.3 1.2

Table 3. Numerically determined parameters of anlRehammer of the new typl € 37, note A = 220 Hz); before voicing
(case 1), the first strike after voicing (casetB¢, third strike (case 3), and after a large nunalbstrikes (case 4).

The values of the numerically determined parameters of thenbaare given in Table 3. The voicing
reduces the hammer stiffnefg and increases the relaxation tingg, but does not change the
hereditary amplitude. The value ofp decreases, but not by a significant amount.

The voicing process have a similar effect as an increage humidity, making the hammer softer.
The reduction in hammer stiffness is of the same order ohito@g as for a variation in humidity of
about 20%. The main and essential difference between thesesa®oethat changes in the hammer
parameters induced by variation in the humidity are reversille.pfolonged testing of the voiced
hammer demonstrates that even after dozens of strikes andaftg days, the initial characteristics
of the hammer are not restored. It appears that the value afotiiaearity exponenp reflects the
character of the felt structure. This value is changed bdglimg and remains constant, indicating that
the voicing process introduces irreversible changes in the stroctime felt.
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9. Piano hammer set

Testing of a whole hammer set enables investigation of the continuousowandiammer parameters
over the compass of the piano. A set of recently produced unvatsechammers was measured for
this purpose. The striking velocity, was not kept constant for all hammers. The hammer stiffness
increases significantly with key (hammer) numbgrso in order to obtain approximately the same
maximum force for all hammers tested, the striking véjowias decreased systematically with
increasing\. The dependence of the striking velocity on key number was approximately

V, =0.849- 0.008 , & N< 8¢ (11)

meaning that the velocity range covered in the measuremestsather large, decreasing frén=
0.85 m/s in the bass to 0.50 m/s in the treble.

The hammer masses of this set were approximated by
m, =11.074- 0.074A+ 0.000¢" |, 4 N< ¢ (12)

The mass of hammer 1 {was 11.0 g and the mass of hammer 83 %G g.
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Fig. 9. Force-compression characteristics of sévemmers from a complete set of unvoiced Abel haranfearious
symbols), and matched simulations (solid linefe Torresponding key numbers are shown above thesu

The measured force-compression characteristics of seven harfrovarthe set are shown in
Fig. 9. The measurements shown in the figure are typical sampithe observed trend. Continuous
variations in the hammer parameters vs. key number were @tthin numerical simulation of the
experimental data. A best match to the whole set of hammers was apprdxisiate

p=3.7+0.013N , 3.7% p< 4.9 (13)
£=0.9894+ 0.000088 |, 0.9885s< 0.99 (14)
1,=2.72- 0.0N + 0.00008° , 1.657,< 2. [us] (15)

for hammer number 1 M < 88.
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The simulated curves for the seven hammers in Fig 9 aretel@pising solid lines. The agreement
between the simulated curves and experimental data is mgdloek The results indicate that the
compliance nonlinearity exponeit and hereditary amplitude are linear functions of the key
(hammer) numbeN for this set of hammers. The relaxation tigges a quadratic function dfl. The
hammer stiffnesk, is a linear function on a logarithmic scale

F, =15500exp(0.059N), 16440< F, < 2787300 (16)

the unit forF, being N/mmi.
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Fig. 10. Relative variation in hammer mass andpression parameters across the compass of the foaa set of
unvoiced Abel hammers. The values have been nizedaelative to the lowest kei(=1); (a) compliance nonlinearity
exponenp, relaxation timer,, hammer massy, andd = 1 —& (wheree is hereditary amplitude)pj hammer stiffness
Fo.

The relative variation in hammer mass and hammer paranetekey numbeN as defined by
Equations (12) — (16) are presented in Fig. 10. The values have been zextmelhtive to the lowest
key (N =1). Instead of the hereditary amplitudethe value ofd = 1 — ¢ is displayed here. The
parameterd shows the ratio of the slopes of the static and instantanfewos-compression
characteristics (see Fig. 6(b) and Egs. 9-10). As seen in Fig. 18atmer mass decreases by a
factor two from bass to treble, whiledecreases by 70%, decreases by 40%, apdncreases by
35%. It is particularly interesting to note that the hamntiéiness F, increases exponentially by a
factor 170 from bass to treble. This large change indicateghhdtammer stiffness is the most
influential parameter for the force-compression charatieri The experience gained from the
numerical matching of the measured compression characterssigorts this observation. The
sensitivity of the model to changes in other parametengpgimately equal. However, it should be
observed that the value @f being the difference between two almost equally large numisess (
always very close to unity), is particularly sensitive to matckimgrs.

For a high-quality set of unvoiced piano hammers, it seems plausiat the variation in
hammer parameters with key number should be continuous and reguilarEquations (13) - (16).
The voicing procedure, which follows after installing the hamnretke piano, would then serve the
purpose of adapting the individual hammers to relatively small key-tardégtions in the instrument.
In contrast, if the measured values of the ‘raw,” unvoiced hensirdo not show a regular variation
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with key number it would be tempting to conclude that the produptiocess is not well controlled,
and that the hammer set is not of good quality.

However, some precaution is necessary before drawing anycbnclusions. Not all of the
measurements from the complete set of hammers could be usedtdomidimg the continuous
variations in hammer parameters. The rejected hammers correspeitder to possible errors in
measurements (strong variation in data), or to hammers withtglefdne total number of hammers in
the set was above 90 (88 plus extras), and the percentageoctédedata was nearly 20%. We hope
that further experiments will clarify the origin of the data that hactefected.

10. Summary

A high precision device has been developed for dynamical testifgand hammers. The
experimental arrangement makes it possible to obtain forcecamgression histories during hammer
strikes against a rigid surface. It was shown that the fwoo®ression characteristics of the piano
hammers tested could be successfully simulated by a hystaadel. A main feature of the hammers
is that the slope of the force-compression charactergstrongly dependent on the rate of loading.
Further, it has been shown that representative values bhathemer parameters can be obtained from
measurements in which the hammer strikes a flat surfdmevalues of the hammer parameters are
not strongly dependent upon the diameter of the struck object (string).

Comparison of four types of hammers from three manufactureeslesl that contemporary
piano hammers have comparable elastic features. All of timenbes showed a hysteretic type of
force-compression characteristic, and their dynamical behawsrrather similar. This phenomenon
can be explained by the fact that all manufacturers use woalsfeloating material for the hammers.
The wool felt seems to be a unique and indispensable material for prantera

It was shown that the influence of air humidity on the hammempeteas is substantial. An
increase in humidity makes the hammer softer. The voicing aféscts the hammer in a similar
way. The main difference between these effects is that changes hammer parameters induced by
variation in the air humidity are reversible. In contrast, tfeegure of piercing the felt with needles
introduces irreversible changes in the structure of the felt.

The variation in hammer parameters vs. key number wergedefrom measurements on a
complete set of unvoiced hammers. For the set of hamméesl the parameters changed smoothly
over the compass of the piano.

The results obtained in this study can be applied to numericalagiond of string vibrations
and spectra. They may also be useful for piano scale design el development of the hammer
manufacturing process. Further investigations of the hamimieg-sinteraction in the frequency
domain may emphasize the significant hysteretic featurgsiasio hammers. This topic will be
examined in forthcoming studies.
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