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OBSERVATIONS ON THE DYNAMIC PROPERTIES OF VIOLIN BOWS 

Anders Askenfelt 

Abstract 

Some of the dynamic properties of violin bows have been studied. The normal 
modes of the bow stick and assembled bow, respectively, have been explored by 
modal analysis. Modefiequencies and damping ratios have been compared for a set 
of bows which had ratings rangzng fiom poor to excellent, assigned to them by 
professional players, and an attempt has been made to connect the modal properties 
with the quality of the bow. The influence of the tension of the bow hair and the 
player's holding of the bow are also considered. 

INTRODUCTION 
The bow, the indispensable companion to the violin, has lead a relatively anony- 
mous life beside the instrument, many of which are wreathed in legends. The 
evolution of the bow is closely connected to famous violinists such as Corelli, Tartini, 
and others, who extended the playing technique of their time, and evoked a demand 
for improvements. It is generally agreed that the evolution of the violin bow 
culminated in the work of the 19th century French bow maker Franqois Tourte (1747 
-1835), who set the present standards for its dimensions and design, and the use of a 
Brazilian hardwood named pernambuco (Caesalpinia echinata) for its construction. 

Research on bows has also been in the background, compared to the interest de- 
voted to the violin itself. During the last 50 years - the era of modern violin research 
- only a couple of studies have touched upon the bow. Today, more information 
about the bow and its properties is called for, particularly in connection with the 
development of physical models for the bowed instruments (see, e.g., Adrien, 
Causse, & Ducasse, 1988; Guettler, 1992). 

Musicians seem to rate the quality of a bow in two areas: (1) the way the bow can 
be controlled in playing ("playing properties"), and (2) the influence of the bow on 
the tone quality ("tonal qualities"). It seems reasonable to assume that both these 
quality aspects are basically defined by the distributions of mass and stiffness along 
the bow stick.* However, rather than aiming at such a long-winded description of a 
bow on a micro-level (which probably would be too detailed to allow any reasonable 
conclusions), it should be more interesting to try to describe the playing and tonal 
qualities, respectively, through the use of a few characteristic measures. For example, 
the playing properties could possibly be summarised in a set of parameters such as 
the position of the centre of gravity, the centre of percussion (with respect to an axis 
through the frog), and resistance to bending for a well defined load. 

The tonal properties, a more surprising effect of the bow, have been assumed to 
have a connection with the normal modes of the bow. These include transverse 
vibrations of the bow stick (bending modes), and longitudinal resonances in the bow 
hair (Cremer, 1981; Schumacher, 1975). A relatively strong coupling exists between 

  he bow hair seems to be of secondary importance to the quality. Even a bad rehairing does not 
significantly change the inherent characteristics of a bow. 



STL-QPSR 4/ 1992 

the transversal and longitudinal modes. A model of the mechanism which accounts 
for the influence on the string vibrations has not been presented as yet, but a 
modulation of the normal bow force - "bow pressure" - as well as a variation in 
bow velocity during sticking have been proposed as plausible explanations. 

This study explores the normal modes of a violin bow. A comparison of mode 
frequencies and damping ratios for a sample of bows of various qualities, ranging 
from poor to excellent, is also included in an attempt to establish an initial con- 
nection between the physical properties of a bow and its rated quality. 

NORMAL MODES OF THE BOW 
The normal modes of the violin bow were studied by means of modal analysis. 
Three cases were examined: (1) bow stick, a stripped version without bow hair and 
frog, freely suspended, (2) complete bow, freely suspended, and (3), complete bow, 
pivoting at the frog and supported under the bow hair. 

Bow stick 
The bow stick was measured freely suspended, with the bow hair and frog removed, 
but with the frog screw and nut in place. The stick was hanging from a rubber band 
attached to the frog screw, and a miniature accelerometer was fastened at the ivory 
tip. The bow was excited by a blow at the frog end. 

Fig. la.  Typical response of afreely suspended Fig. Ib. Mode shapes of afreely suspended bow 
bow stick. stick. 

The freely suspended bow stick typically shows a set of about a dozen pro- 
nounced modes up to 4 kHz (see Fig. la). The stick vibrates basically as a free-free 
bar (see Fig. lb). The mode frequencies form a series with the typical approximate 
values 60,160,300,500,750,1000,1300, and 1700 Hz. 

An examination of the lower eight modes in more detail shows that the mode 
frequencies fall rather closely to the calculated frequencies of a homogeneous cylin- 
drical bar of pernambuco with a diameter of 3.5 mm (see Fig. 2). The actual diameter 
of the bow stick decreases from about 8 mm at the frog to 5 mm close to the tip. 
Probably, the concentrated mass of the bow tip lowers the mode frequencies so as to 
give an "effective diameter" of only 3.5 mm. 

The damping ratio for the modes of the free bow stick was typically in the range 
0.2-0.6% (percent of critical damping), increasing slightly with mode frequency. The 
corresponding Q-values range between 250-80. The damping may seem surprisingly 
low, but the observed values are in line with earlier measurements of wood proper- 
ties (Haines, 1979). In fact, pernambuco shows by far the lowest damping of all hard- 
woods used in musical instruments (with the possible exception of ebony). This 
means that the free bow stick is a highly resonant system, and, indeed, clear tap 
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tones can be heard from the stick when supported and tapped at the appropriate 
positions. As a comparison, the damping in a free violin top or back plate is typically 
0.7-1% (Q-values between 70-50). 

When the bow Mode irequency 
stick is held in a I 
light finger grip 
as for playing 
(baroque style), 
the damping in- 
creases drastically 
(an observation 
with well-known 
parallels in the 
studies of the vio- 
lin). The damping 
ratio for the low- 
est bow modes 

- Measured 
I 

0 1 2 3 4 5 6 7 8 
increased by a- 
bout a factor of 20 Mode number 

to approximately Fig. 2. Comparison of computed and measured mode frequencies of a bow 
stick. The computed cases refer to a homogeneous, c lindrical bar of pernam- ?I 6%, the buco with a length of 730 mm, density of 920 kg/m , and Youngk modulus 

higher modes were 22 000 MPa. 
less influenced (a- 
bout a threefold increase in damping to 1.5% for mode #8). 

Two viola bows did not differ substantially in frequency and damping ratios com- 
pared to the violin bows. A cello bow, however, showed much higher mode frequencies 
(cf. Schumacher, 1975). The frequency shifts were approximately 30%, placing cello 
bow mode #6 in the same frequency range as violin bow mode #7 (1300 Hz). 

Assorted bows 
A set of seven bows, ranging from poor to excellent with respect to tonal quality, 
was analysed. The perceptual evaluation was made by two professional players, 
using a scale from 0 (very poor) to 10 (excellent). A plot of mode frequencies versus 
damping ratios, for the bow sticks of this set, showed no clear difference in the mode 
frequencies between bows of good and poor quality, although there was, possibly, a 
tendency towards somewhat lower frequencies for the poor bows (see Fig. 3). 

The damping ratios, on the other hand, suggest that good bows have lower 
damping on the average. For these bows, the damping ratio was about 0.2% at the 
low modes, which is roughly a factor of 2 lower than for the bows rated as poor. 
However, the picture is far from clear-cut. Two bows, rated as good (8 p), showed 
low damping for the lowest modes (as low as 0.15%), but the damping ratio in- 
creased more rapidly with frequency than for other bows, reaching the highest 
damping of all bows at the two highest modes. In contrast, one of the bows with a 
low rating in tonal quality (2 p) showed the lowest damping of all, except for the two 
lowest modes. The low rating of this bow was a little surprising as it was signed by a 
bow maker of some reputation. 

The limited number of samples requires some caution in interpretation, but it is 
probably safe to conclude that there is no general one-to-one relation between the 
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damping parameters and rated tonal quality. In this respect, the parallels to the vio- 
lin are obvious. 

Damping ratio 

Mode frequency 1 
Fig 3. Comparison of mode frequencies and damping ratios (% of critical damping) for a sample of 
bow sticks rated on a scale 0-10 (very poor-excellent) i n  tonal quality. 

Assembled bow 
No dramatic changes occurred when the frog and bow hair were mounted to the 
bow stick. The mode frequencies were lowered by 1-7% with a notable exception for 
mode 3 at about 300 Hz, where the frequency was raised by 7%. This shift in mode 
frequency is probably related to the relatively long frog, which adds stiffness along 
the contact area with the stick (a distance of about 45 mm). 

The mode frequencies of the assembled bow could be expected to depend upon 
the tension of the bow hair. However, the frequencies changed only slightly as the 
tension was increased. The change was less than 2% for an increase from almost zero 
tension to a very high value. The small changes observed were in the direction of 
lower mode frequencies, which would be the expected result when a bar is 
preloaded by compression (Fletcher & Rossing, 1991). 

An additional mode was found in the assembled bow, which was identified as the 
lowest transversal mode of the bow hair (resembling the fundamental resonance of 
the string). The frequency of this mode falls between 60-75 Hz for a normal tension- 
ing of the bow hair. As a consequence, this mode couples to the lowest mode of the 
bow stick at about 60 Hz. 

The damping ratios changed much more than the mode frequencies when the bow 
was assembled. As soon as the frog and bow hair were attached to the stick, the 
damping almost doubled, from an average of 0.3 % to 0.5 %. The influence of tension 
was, however, puzzling. In an examined range of tensions between "too loose" and 
"too hard" to play, the differences in damping were small, with a tendency towards 
increased damping with higher tension. However, all changes were not systematic. 

In all, the results suggest that the assembled bow also vibrates as a free-free bar. 
The pre-loading created by the tension from the bow hair does not significantly 
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change the mode frequencies. The major contribution to the damping in the 
assembled bow is the relative motion between the individual bow hairs, but the 
damping does not heavily depend upon how hard the hairs are pressed against each 
other. 

Bow resting on the string 

*Profession violinists seem to agree upon that the "personal" characteristics of a bow is not dependent 
upon the exact tensioning of the bow hair, the character of the bow being an inherent property. 
However, the playing technique and repertoire will set rather close limits for the optimum tension. A 
quarter of a turn on the (octagonal) frog screw is a reasonable step for a fine adjustment. 

With the bow hair resting on a support (the string), a new, "bouncing," mode de- 
velops, caused by the mass of the bow and the restoring force from the deflected 
bow hair (see Fig. 4). In the experiments, the player's holding was simulated by let- 
ting the bow pivot in a ball bearing in the frog, and the bow was let bounce against a 
rigid support. Both idealisations were made in order to enhance this particular 
mode. The measurements included three values of bow tension ("very loose" = 45 N, 
"normal" = 60 N, "very tight" = 75 N). The actual tension of the bow hair was esti- 
mated by pulling the frog to its corresponding positions by a dynamometer. The 
tensions at the two extremes were still possible to use in playing, but would nor- 
mally call for an immediate adjustment by the player. 

The measurements show that the bouncing frequency decreased, when approach- 
ing the frog, from typically 30 Hz at the very tip to 11 Hz at the middle, ending up at 
about 6 Hz at the frog (see Fig. 4). It can also be seen that the influence of the tension 
of the bow hair on the bouncing frequency is slight, even when considering the large 
differences in tensions in the experiment, which well exceeded the normal "playing 
range. " A typical range for a normal bow tension would be 60 N f 5 N (f8%), allow- 
ing for the variation due to personal preferences." 

In normal playing, the bounc- Bounc,ng rate 

ing frequency is lowered some- 35 - TENSION 

what by the compliance of the Hz3o 

string. For the G-string, this effect 
typically amounts to about - 15%. 25 

In addition, the normal holding of 20 

the bow dampens the bouncing Is  
mode considerably. However, as 
is well known to all beginners on 10 

bowed instruments, the "tremb- 5 

ling bow" may still be difficult to , , 

-- 

- -  

-. 

--  

-- 
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control during moments of stress. 700 600 500 400 300 200 100 mm o 

Interestingly, Fig. 4. Measured frequencies of the bouncing bow mode us. 
bowing patterns like sautlllt and position of support (frog-tip) for three cases of bow hair ten- 
ricochet, which are played at about sion (low-normal-high). 
the middle of the bow, easily gen- 
erate repeated notes with a rate of about 10 Hz. For these bowing patterns, no 
individual impulses are given in order to start each individual note, and 
consequently the bouncing mode of the bow appears to be of primary importance 
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(Galamian, 1962). Slower bouncing bowing patterns like spiccato occur at a frequency 
which is much lower than the bouncing frequency of the bow itself. In that case, the 
player has to throw the bow on to the string for each single note, although it will 
normally rebound off the string. 

It can be noted that the bouncing mode has been used in an attempt to connect the 
quality of a bow with its damping characteristics, measured in a straight-forward 
way by letting the bow bounce (Abbott & Doyle, 1990). The results are in a qualita- 
tive way in line with the findings in this study, suggesting that poor bows show 
higher damping. 

CONCLUSIONS 

The experiments have shown that the freely suspended bow vibrates basically as a 
free-free bar, with mode frequencies close to those of a homogeneous cylindrical bar, 
with a diameter slightly smaller than the thinnest part of the bow stick. The mode 
frequencies were not heavily influenced by the load of the frog and bow hair. The 
influence from the tension of the bow hair was also small. 

The damping in the bow stick was low, in the order of 0.2-0.4% of critical damp- 
ing. Bows with a high rating in tonal quality generally showed lower damping than 
bows rated as poor in this respect. The contribution to the damping from the bow 
hair in the assembled bow was large, however, with no systematic influence of the 
tension of the hair. 

With the bow hair resting on a support, a bouncing mode with a frequency be- 
tween 30 and 6 Hz was observed, the actual frequency depending on the distance 
between the support and the frog. It was concluded that this bouncing mode is util- 
ised in certain rapid bowing patterns. 

Having reached a basic overview of the dynamic properties of the violin bow, a 
natural continuation will be to examine the interaction with the string, by observing 
the resulting string waveform. In principle, the effect of a modulation of the velocity 
of the bow hair at the bowing point will add to the rotational effects of the string 
(Schumacher, 1979). The influence of the bow could be expected to show up more 
clearly in the string waveform during the sticking phase of the period, when the bow 
and string are in relatively firm contact. The impedance of the bow as measured at 
the contact point (of the order of 30 kg/s) is roughly a factor ten higher than that of 
the string, which means that any vibrations in the bow hair will not be seriously 
influenced by the load of the string. During the slipping phase, the interaction 
between bow and string is small, due to the almost constant sliding frictional 
characteristic, meaning that the bow is, in effect, transparent, as viewed by the string. 

Measurements of the interaction with the string require a careful control of the 
bow motion in order to separate from other factors, an actual influence of the 
particular bow used. For this purpose a recently designed, computer controlled, 
bowing machine will be used (Cronhjort, 1992). 

The present work has given a survey of the modal properties of the bow, and 
some hints as to how a bow could be characterised by such measures. These results 
can aid the development of a physical model of the bow. However, from the 
viewpoint of string physics, the properties of the bow are probably summarised in a 
more useful way by the input impedance at the bowing point, measured 
longitudinally and transversally to the bow hair. The work with this alternative way 
of characterising a bow has already been initiated (Schumacher, 1975; Ricca & 
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Weinreich, 1991). Such an impedance measurement probably gives a key signature 
of a bow with regard to the influence on violin tone, but sufficient knowledge has 
not yet been collected to enable a proper interpretation. 
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