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Over the years, a trained musician develops the ability to produce a sound as desired: the player’s gestures are
precisely executed in order to control each note. In the case of the concert harp, a previous study had underlined
the characteristics of string plucking, both highly reproducible and player-specific. However, the whole harpist’s
body is obviously also involved in a musical performance. Therefore, the present paper investigates the player /
harp interaction, by characterizing the musical gestures in relation to the musical interpretation. We have captured
the motion of three skilled harpists playing an excerpt of Debussy’s Danse Profane, using a motion tracking system
based on infrared cameras with acoustical measured synchronously. A set of kinematic and dynamic descriptors
has been extracted from the collected data. They provide features of instrumental gestures (directly related to the
sound production) and ancillary gestures (not directly involved in the sound production). Results indicate that the
posture strategy is of great importance for harpists, and a correlation is made between the harpist gestural behavior
and harp teachers recommendations. It is also shown that harpists perform remarkably reproducible gestures

related to her/his musical strategy.

1 Introduction

While performing a piece, a musician has to deal with a
trade off among simultaneous movements objectives. First,
the musician has to put the instrument into vibration. Then,
she/he has to spare energy and prevent articular and muscle
pain to be able to perform the entire piece. Finally, she/he
has to eventually interact with other musicians (communica-
tive intention) and audiences (emotional / musical intention).
These objectives have already been investigated in the case of
drumming [1, 2], piano [3, 4], and violin [5], among others
instruments [6]. Few studies focus on plucked strings instru-
ments and especially on the concert harp. However, skilled
harpists claim that the concert harp is a physically demand-
ing musical instrument. Indeed, it is about 1.8 m tall, weights
about 35 kg and is played tilted on the right shoulder and the
knees. For information purpose, the tessitura of a concert
harp is from about 31 (Cb0) to 2960 Hz (Gb6), with string
tension from 200 to 500 N. The latter value is a boundary
beyond which string instruments are not played directly with
the finger but more likely with a plectrum or a hammer. Con-
sidering isolated notes in the middle of the harp fessitura,
the plucking force has been evaluated up to 15 N for a string
tension of 260 N [7]. Therefore, the postural and gestural
strategies seem to be of great importance to play the harp.

The present paper describes results from an ongoing ex-
ploratory study of the musical performance objectives in the
case of the concert harp. We investigate postural and gestural
characteristics, within the harpist and harp motions during
playing. For this purpose, we first describe the experiment
carried out in order to measure audio signals and motion per-
formances of harpists. Then, a set of kinematic parameters
that describe the harpist’s performance is provided. Finally,
these descriptors are analyzed and confronted to harp teach-
ers recommendations and musical context.

2 Experimental procedure

2.1 Experimental setup

To study the musician / instrument interaction, a specific
experimental setup was designed. It is mostly based on cap-
turing the motion of reflective markers fixed on harpists by
using a tracking system based on six infrared cameras (Vi-
con system 460). Acoustical signals have been measured
synchronously thanks to simultaneous recordings of perfor-
mances with standard DV camera. Reflective markers have
been disposed on musician according to the Plug-in-Gait model
(VICON, Oxford Metrics Ltd, Oxford, UK), neglecting the

Figure 1: Picture of a harpist during the measurement
session (a) and extracted position of body segments (b).

chest, since the harp would have obstructed these markers.
The compromise between motion capture sampling rate and
spatial range led us to set the cameras at 250 frames per sec-
ond, allowing the capture of the whole set of markers ex-
cept those head. Figure 1-a shows a picture of a harpist dur-
ing measurements. Thanks to the reflective markers posi-
tions, simplified link-segments models of the body (where
each segment corresponds to a limb) and the harp were con-
structed (Figure 1-b). Note that the black circles and sticks
represent the harpist whereas the grayed ones represent the
harp.

2.2 Measurement protocol

Harp players were asked to play the full Debussy’s Danse
Profane on a concert harp (Aoyama Orpheus 46 strings).
In order to highlight players’ gestures characteristics, three
harpists were asked to participate, and all performances were
repeated three times. Among the harpists, two of them are
professional orchestra musicians, noted H; and Hj in the
present paper, while the third is a non-professional musician,
who regularly practices the concert harp, noted H,. Harpists
were given time (as long as necessary) as an adaptation pe-
riod to get used to the harp and the general measurement con-
text.

2.3 Data segmentation

The beginning of the piece contains a repetition of three
different octave intervals, referred as note and denoted D, A
and B in the following. Only the left hand is involved and no
change in the harp pedals configuration is needed to perform



Figure 2: Anatomical arm segments showing the global and
anatomical reference systems.

this excerpt. Hence, we restrict the present analysis to this
part. The score of this excerpt is shown in Figure 4.

To characterize the strategy used to perform a note, ges-
ture and sound associated to this note have to be isolated.
Following [8], the sound-producing gesture related to a note
is here defined as the plucking action itself combined with
the previous hand trajectory focusing the strings and the fol-
lowing hand trajectory leaving the strings. Practically, the
gesture onset is estimated at the last zero value of the hand
velocity before the acoustical onset, i.e. approximately at the
instant the harpist gets in contact with the strings. To this end,
each acoustical onset, i.e. the instants strings are released by
the harpist have to be highlighted. Classical onset detection
methods [9, 10] are applied to the acoustical signals.

3 Kinematic analysis

3.1 Global and anatomical reference systems

The raw motion capture data collected consist in mark-
ers coordinates over time in the global system of reference
(X,Y,Z) defined in Figure 2. This frame of reference is fixed
in the laboratory and its origin is under the harpist seat. X
is the forward / backward direction, Y is the medial / lateral
direction and Z is the gravitational axis. Most analyses were
done in the global system of reference, however, to perform
joints kinematic analyses, anatomical systems of reference
fixed to each arm limb segment are needed. They are de-
noted (Xy, Yu,Zu)> (Xf,¥7,25), and (xp, Y5, 25) in Figure 2 for
upperarm, forearm and hand segments, respectively. Within
each arm-segment, the anatomical axis system is set with its
origin at the center of mass of the segment with z-axis along
the limb-segment axis. The center of mass of each segment
is known based on the harpist’s mass combined with anthro-
pometric data of the relative limb’s mass [11].

3.2 Harp performance descriptors
3.2.1 Harpist/ harp posture

To describe the harpist posture, a set of descriptors was
defined based on kinematic data of the whole harpist body
and the harp motion. Specific markers, which are placed on
the acromioclavicular joints, the anterior and superior iliac
spines, and the lateral epicondyle of the knees, are used to
compute the following descriptors during performances:

harp tilt,

back bending relative to the ground,

o hips opening,

shoulders rotation related to hips,

and hips rotation related to harp.

3.2.2 Arm posture

To investigate arm posture strategy during playing, arm
joints rotations are evaluated. A kinematic model of the arm
is used to transform Cartesian coordinates of joint positions
in the global reference system into body-related angles. Shoul-
der is modeled as ball-and-socket joints with three rotary
degrees of freedom while elbow and arm are modeled as
ball-and-socket joints, with two rotary degrees of freedom
[12, 13]. Using anatomical axes defined in Figure 2, their
relationships to body description are:

e Shoulder: abduction / adduction (rotation u,), antever-
sion / retroversion (rotation u,) and rotation (rotation
u;) of the upperarm,

¢ Elbow: flexion / extension (rotation vy) and pronation
/ supination (rotation v,) of the forearm,

e Wrist: radial / ulnar deviation (rotation w,), and pal-
mar flexion / dorsal extension (rotation wy) of the hand.

Note that the reference left arm position is taken right
along the body, with palm toward the body.

3.2.3 Arm and hand motions

In order to describe harpist’s arm kinematics, a total de-
scription in the three dimensions (position, velocity and ac-
celeration) is provided by a stick diagram in Figure 5. Each
body segments, e.g. hand, lower-arm and upper-arm, is rep-
resented by a straight line at each instant of a note production.
For a better readability of the figure, note that the data is five
times undersampled. Furthermore to investigate the repeata-
bility and characteristics of sound producing and ancillary
(not directly involved in the sound production [14]) gestures
relative to the played score, we focus on the hand movement
in the (x0y) plane.

3.3 Dynamical analysis

Previous section dealt exclusively with harpist movement
and posture analysis, without regard to forces. However, to
pinpoint causes and strategies, which are behind the harpist
gesture, their patterns have to be known. Using inverse dy-
namics [15], reaction and moments at each arm joint can
be computed. From these physical parameters, power and
therefore work can be reached. The entire work generated
by harpist’s arm muscles is then computed. Combining this
method with an assumption of the energy transferred by the
harpist’s fingers to the strings based on classical string mod-
eling [16] and the known orders of magnitudes of involved
parameters [7], the efficiency of a left arm gesture is evalu-
ated.
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Figure 3: Harpist posture related to the concert harp. The
mean position is computed on the three repetitions of the
musical excerpt by the harpist H;.

4 Discussion

In the following, descriptors are computed for one harpist
(H)) playing the musical excerpt shown Figure 4.

4.1 Harpist playing posture
4.1.1 Geometrical harpist / harp relationship

Figure 3 shows measured characteristics of the general
harpist’s posture related to the concert harp (cf. Section 3.2.1)
computed in playing conditions over the three repetitions of
the musical excerpt. Each angle is computed between red
lines in the associated scheme. First, the small uncertain-
ties (evaluated less than 0.5 % of the mean position) validate
our experimental protocol. They tend also to indicate that
the harpist and the harp are very stable, whatever the per-
formed note. Secondly, as already mentioned, the harp is
played tilted toward the right shoulder. Therefore, the tights
have to let the instrument through, with an opening measured
to 39°. Then, it appears that harpist stands quasi upright (the
back is bent over about 7°), but sideways regarding to the
strings’ plane. Finally, a non negligible angle exists (about
12°) between the hips and the shoulders with the left shoul-
der ahead.

These experimental results correspond to harp teachers
advices about the posture to adopt. Indeed, according to
teachers, the harp tilt is the most important parameter to find
the right posture. For purposes of convenience, the harp has
to be tilted in order to be in balance and thus minimize the
weight shared between the right shoulder and the knees. Fur-
thermore, harpist’s spinal column has to be straight combined
with slight torsion toward the left side in order to reach the
more distant strings and avoid back injuries. Moreover, the
harp is placed crosswise to the performer in order to keep the

Table 1: Left arm joints rotation (deg) computed during harp
performance according to systems of reference defined in
Figure 2. The mean is computed on each note separately

over the three repetitions of the musical excerpt. The
reported uncertainty represents a 95% confidence interval.

Octave type D A B
Shoulder abduction (u,) 23.7° 21.8° 23.6°
+ (0.1°) | (0.2°) | (0.1°)
Shoulder anteversion (uy) 47.5° 49.6° 47.7°
+ (0.1°) | (0.2°) | (0.2°)
Shoulder rotation (u;) 22.2° 19.3° 20.0°
+ (0.1°) | (0.2°) | (0.2%)
Elbow flexion (vy) 122.6° | 119.6° | 122.6°
+ (0.1°) | (0.3°) | (0.2°)
Elbow supination (-v;) 17.3° 18.1° 17.4°
+ (0.1°) | (0.2°) | (0.3°)
Ulnar deviation (—w,) 45.0° 39.8° 44.9°
+ (0.2%) | (0.4°) | (0.3°)
Hand dorsal extension (-w,) | 25.8° 27.5° 26.0°
+ (0.1°) | (0.2°) | (0.3°)

back straight.

4.1.2 Left arm joints posture

Table 1 presents arm joints rotations in the associated
anatomical reference systems defined in Figure 2. No funda-
mental difference appears between the three produced notes

D, A and B. As previously shown, uncertainties are low (smaller

than 1°), showing the high repeatability of the harpist posture
over the three excerpt’s executions. As arm joint rotations
are highly dependent on the harpist morphology and the dis-
tance of the plucked strings, the low uncertainties are due to
the small fessitura range involved in the present musical ex-
cerpt. Regarding the arm posture, harp teachers explain that
the elbow has to be raised at about 45°ahead relative to the
gravitational axis. The shoulder anteversion we measured,
which leads to the raise of the elbow, is about 48°. Again,
this order of magnitude matches harp teacher recommenda-
tion. The hand dorsal extension, i.e. the angle between fore-
arm and hand, is evaluated to 27°. Harpists recommend to
keep a slight angle between hand and forearm in order to
facilitate the projection of fingers into the palm of the hand
after plucking. In this situation, only the flexor digitorum
profundus (muscle in the forearm that flexes the fingers) is
involved, making easier the reopening of the fist and hence
fingers relaxing.

4.2 Upperlimb motion in playing context

After investigating the global posture adopted by harpists,
let us analyze the kinematic of the arm in playing. Figure 5
presents a stick diagram of the harpist left arm between two
notes. The latter has been choosen because of its relevance
relative to the entire recorded note panel. It conveys how
the global arm movement is shared between arm joints. The
shoulder appears to be quite still whereas elbow wrist and
hand move with an increasing magnitude. As expected be-
cause of their relative mass, the shoulder appears to be the
stablest joint, controlling the arm movement.
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Figure 4: Repeatability and characteristics of left hand movement for a harpist performing the Debussy’s Danse Profane
excerpt. ¢; correspond to the beginning of the movement.

As the hand is the limb with the more emphasis on move-
ment relative to other arm-segments, we analyze its move-
ments in order to investigate sound producing and ancillary
gestures, i.e. hand movements during the plucking action
and after it. Figure 4 presents the left hand movement in the
(x0y) plane for all the notes performed throughout the three
executions denoted 7T 3 in Figure 4. The analysis of these
movements show repeatable patterns for a given bar during
the three executions of the musical excerpt. After performing
A and B notes, the hand moving back to the D strings has a
smooth bell-shaped trajectory. On the contrary, once the D
interval is played, the hand moves forward to A or B strings
with more complex and specific movements. As playing the
A or B strings diers little in the technique and the posture
from playing the D ones, the two dierent patterns observed
can be explained by the harpist strategy relative to the musi-
cal phrase, as can be heard on the recordings. Indeed, assum-
ing that he/she interprets the excerpt built on the three repeti-
tions of the four octaves D-A-D-B, it would explain that the
first and third bars (D) have different emphasize than the sec-
ond (A) and fourth (B) bars in each sequence, and therefore
their more complex movements. These notes are highlighted
by arrows in Figure 4. Note that the first bar is not considered
because of its ambiguous interpretation.
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Figure 5: Example of a left arm gesture corresponding to the
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Table 2: Left hand gesture efficiency computed during harp
performance. The mean is computed on each note separately
over the three repetition of the musical excerpt. The
reported uncertainty represents a 95% confidence interval.

Octave type D A B
Gesture Efficiency | 0.092 % 0.021 % 0.028 %
+ (0.005 %) | (0.003 %) | (0.002 %)

4.3 Arm gesture efficiency

The amount of energy generated by the harpist’s left arm
relative to the one transferred to the strings is now computed
as explained Section 3.3. Results, shown in Table 2, indi-
cate that the arm gesture efficiency is really small (less than
0.01%). Hence, the complex gestures we describe in the last
paragraphs are very energy expensive relative to the pluck-
ing action. Therefore, this result underlies the importance of
ancillary gestures in the harpist strategy. Furthermore, the
efficiency estimated for the D note is about 4.5 times higher
than the one computed for A and B notes, which are approx-
imately equal. This observation can again be related to the
harpist interpretation of the musical phrase.

5 Conclusion

In this paper we presented a preliminary study of the mu-
sician / instrument interaction in the case of the concert harp.
We investigated the general harpist posture in relation to the
instrument and the arm behavior while plucking strings. For
this purpose, kinematic and dynamic analyses of harp play-
ing have been investigated.

Measurements showed that the global posture of harpists
is very stable during playing. It is shown that harp teachers
recommendations about the posture to adopt correlate well
with our measurements. Although the arm is directly in-
volved in the sound production, the relation between each
arm-limb stays constant during the selected excerpt perfor-
mance. The shoulder can be seen as a fixed point where
the producing gesture control is done. Besides, the hand ap-
pears to perform the more accentuated movements. These



measurements have been confirmed by harp teachers recom-
mendations about the posture to adopt to play concert harp.
Considering one harpist, repeatable patterns of the gestures’
shapes have been evaluated on three executions. Finally,
regarding a given note at a particular place in the musical
phrase, repeatable pattern of the hand gestures (sound pro-
ducing as well as ancillary) and arm efficiency have been
evaluated for a particular musician. This fact suggest that
the harpist musical interpretation is conveyed in hand move-
ments.

Further work will be carried out to investigate different

gestural behavior depending on the musical skills of the harpists.

For instance, a classical video and audio analysis will be
helpful to pinpoint the relation between harpist gestures and
his/her musical intention. Finally to investigate the trade off
among the different musical movements objectives (to play
the piece / to prevent muscles and joints injury / to communi-
cate with audience and musicians), a more detailed dynamic
study of musical gestures will be necessary to characterize
the harpist control strategy.
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