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ABSTRACT

This paper is a review of a previous musician/harp inter-
action study leading to the specifications of a configurable
excitatory mechanism. Such robotic tools can be valuable
to investigate the musician/instrument interaction and the
mechanical behavior of an instrument in a repeatable and
realistic musical context. To design a robotised excitatory
mechanism for the concert harp, the mechanical descrip-
tors’ typical orders of magnitude defining a musical per-
formance have to be highlighted. For this purpose, two
experimental setups have been designed. The first one fo-
cuses on the sound-producing gesture (i.e. on the pluck-
ing action). A high-speed camera has been used to accu-
rately measure the finger and string motions in a realis-
tic musical context. The second measurement set-up con-
sists in capturing the whole harpist’s body motion through
infra-red cameras during a performance. The set of me-
chanical parameters extracted from these measurements is
of great interest to get an insight on an ideal robotic tool
to pluck harp strings. Based on these considerations, a
highly-configurable and repeatable robotic finger has been
designed.

1. INTRODUCTION

A configurable and repeatable excitatory mechanism may
be particularly adapted for the study of musical instruments
or of the musician/instrument interaction. For wind instru-
ments, researchers designed artificial mouths to play the
trumpet [1], the trombone [2] or the clarinet [3]. These
systems may be automated [3,4]. For stringed instruments,
classical mechanical excitatory systems used in the litera-
ture are wires rolled around the strings pulled up until they
break or mechanical plectrums. They can generate repeat-
able initial conditions applied to the string but cannot re-
produce the complexity of the plucking gesture and there-
fore the typical initial conditions. To do so, the idea would
be to use a bio-inspired robot. This kind of robots are
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used to developvirtuous instrumentalist as Waseda flutist
robot [5] but not to exactly reproduce the instrumentalist
action. For plucked instruments, this action is performed
by a finger or a plectrum and imposes particular initial con-
ditions to the string. Designing bio-inspired robot needs
above all an accurate description of the instrumentalist ges-
ture. In the light of recent studies on the harp, a robot
called DROPIC (Doigt RObotisé PInceur de Cordes) [6]
has been designed to reproduce the musicians’ expert ges-
tures. The goal of the present paper is to suggest the devel-
opment steps of a bio-inspired musical robot from formers
studies presented in [7], [8] and [9] and to specify its limi-
tations.

The paper is organized as follows: first a summary of
the plucking action in the case of the harp will be pre-
sented. Then an analysis of this gesture will draw the
DROPIC specifications. Eventually the final design and
the choices made during the development of the robot will
be presented.

2. ANALYSIS OF THE INSTRUMENTALIST
GESTURE

Playing a musical instrument is a complex task, relying on
a long training by the player. From the instrumentalist’s
point of view, the performance may be seen as series of
gestures, that turn the musical intention into movements
and results in sound production. The first investigation in
the study of the playing is the segmentation of the gestures
and movements. While the writing of the music on a score
suggests a note based segmentation, the analysis of ev-
eryday practice of players suggests that scales, arpeggios,
melodic and harmonic grouping of notes may be more sig-
nificant.

2.1 Finger trajectory analysis

In the playing of a note or of a chord on a harp, several
time periods can be identified. Starting from the postural
and gestural preparation, the player brings his/her hand and
fingers in contact with the strings, pulls them until the force
applied by the finger reaches a threshold. This phase is
called the sticking phase. Before the string is released with
controlled initial oscillating conditions, it slips on thefin-
ger pulp of the musician, this is called the slipping phase.

http://creativecommons.org/licenses/by/3.0/


Figure 1. Example of finger trajectories. The instants de-
notedtc andtr correspond to the sticking phase beginning
and the string release, respectively. The four bottom fig-
ures are trajectories extracted from an arpeggio sequence
played by four harpists with the ring finger. The top-left
and top-right figures presents finger trajectories extracted
from an arpeggio sequence played by the first harpist with
the ring finger and the forefinger, respectively.

Works presented in [8], [9] and [10] focus on the move-
ments of the finger and string during the finger-string in-
teraction. In these papers, finger’s and string’s trajectories
are measured in the plane perpendicular to the strings di-
rection (~ex, ~ez) defined in figure1. The samples given in
figure1 show harpists’ finger trajectories projected in this
plane. They indicate that non negligible differences oc-
cur between harpists for a given musical context. Besides,
considering one harpist, the finger pattern depends on the
finger and on the technique used to pluck the string [10].

The estimation of mechanical parameters needed to de-
sign the robotic finger are determined according to [6,10].
They are summarized in Table1. First, the peak force ap-
plied by the harpist’s finger to the D♭3 string has been es-
timated up to 20 N, regardless of the musical context. Fur-
ther, figure2presents the maximal D♭3 string displacement
during the ten harpists’ ring finger and forefinger pluck-
ing actions. Let us note that no significant influence of
the musical context on this descriptor has been outlined.
Although the trajectories are specific to each harpist, fig-
ure2 tends to indicate that all the maximum displacements
Dmax given to the string are contained in a 24 mm radius
quadrant.

Meanwhile the maximum fingertip velocity has been es-
timated to be less than 1.5 m/s [6].

Criterion Value

maximum velocity 1.5 m/s
nominal force 20 N

area of use 4 cm2

Table 1. Criteria the robot should match to correctly re-
produce the motion of a musician finger

Figure 2. Maximum displacement of a harp string for the
ten harpists depending on the finger used (forefinger or ring
finger). Each harpist is denoted by a symbol. The blue and
the red ones referred to the ring finger and the forefinger
displacements, respectively. The dashed line represents the
circle which radius is the maximum displacement for all
harpists.

2.2 Arm gesture analysis

Although the description of the finger gesture is valuable
to understand the plucking action itself, it is not sufficient
for a thorough comprehension of a harp performance. In-
deed, the “actuators” of the movement, i.e. the muscles
and articulations of the arm, have to be analyzed too.

The research performed in [11] with a motion capture
system presents the movement analysis of the whole harpist’s
body during a performance. Three harpists have been asked
to perform the beginning of Debussy’sDanse Profane. Ef-
forts in the upper limbs (hand, arm and forearm) are de-
duced from kinematic measurements using a well-known
human mass distribution model [12]. Figure3 shows the
computational process [11]. First, infra-red cameras accu-
rately provide the 3D-position of reflective markers fixed
on the musician in a global reference system. Then anthro-
pometric data lead to the trajectories of each limb’s center
of mass. Besides, as they are not directly reachable using
the experimental set-up, the more distal segment moment
and force have to be estimated. The moment is neglected
and the force is found to be between 2 N and 8 N (i.e.
the minimal and maximal forces measured for a chord per-
formance [10]) according to the sound level of each note.
Then, a link-segment model [12] leads to the forces and
moments at the first proximal joint. This process is recur-
sively done to determine the forces~F and moments~M oc-
curring at each arm joints. Each joint’s mechanical power
are computed fromP = ~M.~ω where~ω is the angular ve-
locity of the limb’s center of mass. Finally, the work done
by the group of muscles related to each limb-segment is
computed by time-integrating the power curve under the
considered movement duration.

Results presented in figure4 indicate that the shoulder
controls the entire arm gesture while performing the octave
intervals contained in the beginning of Debussy’sDanse
Profane.



Figure 3. Retrieval process of the forces and moments occurring at a harpist’s arm joints while playing octave intervals.

Figure 4. Average work estimated at each arm joint for the
three involved harpists.

3. ANALYSIS OF THE ROBOT CAPABILITIES

In the present section, an ideal behavior of the robot is pre-
sented, according to the plucking action analysis. Then
the design of the robot will be done to meet the specifica-
tions. Finally, a fingertip will be designed to reproduce the
harpists finger pulp and thus the initial conditions provided
to the string.

3.1 Robot specifications

Table1 points out three parameters the robot must repro-
duce to provide to the string the same initial conditions as
a musician. Besides, information provided in [10] about
the finger’s trajectories duration is required. This study
indicates that the typical sticking and slipping phases du-
rations are about 300 ms and 3 ms, respectively. Obvi-
ously, details about the forces involved in harp plucking
are also required. For this, the harp strings’ tension is
needed. It has been computed from formulas defined in ap-
pendixA and presented in figure5. Thus, assuming each
string is plucked at the third of its length with an initial dis-
placement corresponding toDmax (see Subsection2.1), the
maximal efforts needed to pluck the whole set of the harp’s
strings are deduced and shown in figure5. Note that the
strings parameters used for this estimation are those of a

concert harp (Camac,Atlantide Prestige model). This harp
has 47 strings, and itstessitura extends from C♭0 (30.8 Hz)
to G♭6 (2960 Hz).

Figure5 indicates that the strings can be split into two
groups. The first corresponds to the wrapped, nylon and a
few gut strings (i.e. from C♭0 (30.8 Hz) to G♭1 (92.5 Hz)
and from F♭4 (698.5 Hz) to G♭6 (2960 Hz)) for which the
effort is comprised between 20 N and 40 N. The second
group corresponds to the other gut strings (i.e. from A♭1
(104 Hz) to E♭4 (622 Hz)), for which the effort is com-
prised between 10 N and 20 N. For practical reasons, the
first set of strings was discarded from the present study,
implying that the maximum effort the robot has to apply
on the strings is 20 N.

3.2 Design of the robot

Based on the previous musician/harp interaction analysis
(see section2), the shoulder has to develop important ef-
forts to allow the finger to pull the string with a 20 N force.
In the case of a bio-mimetic robot design, all the involved
efforts and arm’s dimensions should be taken into account.
However, in the present case, considering the fingers tra-
jectories are almost contained in a plane, we can reduce
the robot to a single finger to limit its size. The basic idea
is to design a planar robot with two rotational joints that
mimic a human finger [16]. Its dimensions arel1 and l2
and it is parametrized by the anglesϑ1 andϑ2, as shown
in figure6. The numerical values forl1 andl2 are arbitrar-
ily inspired from a real finger, because they lead to a small
robot that can deliver the desired efforts, and are:

{

l1 = 6.21 cm,
l2 = 4.75 cm.

Using these previous parameters, a classical static analy-
sis of the robot provides a relationship between the actua-
tors parameters, i.e. the motor torquesCm1 andCm2 for
each joint, the geometrical parameters of the robot and the



Figure 5. String tension (upper plot) over the concert harp compass.Plucking effort for each string (lower plot) in order to
reach a displacement of 24 mm. String tensions are estimatedfrom pitch and mass measurements. The plain markers on
the figure show the C♭ strings.

Figure 6. Parametrization of the robotic finger.

maximum forceFn max as follows:
{

Cm1 = l1Fn max,
Cm2 = l2Fn max.

As the maximum effortFnmax is chosen to be up to 20 N
(see subsection2.1), the motor torques numerical values
are estimated to

{

Cm1 = 1.21 N.m,
Cm2 = 0.926 N.m.

Based on these values, the motors chosen to actuate the
joints are two Maxon motors, model RE35, equipped with
two 12:1 Maxon GP42 reducers, which leads to a practical
maximal torque for each actuator:

Cm1 = Cm2 = 1.26 N.m.

The choice of the actuators and of the geometry of the
robot allows the maximum speed at the end effector at
Vmax = 1.16 m/s. Moreover, at this maximum speed, the

Figure 7. Area of work of the robot and area of work spec-
ified. The maximum distances are reminded on the graph
with ’+’ symbol.

duration∆t takes by the robot to do a straight line with a
length ofDmax is

∆t =
Dmax

Vmax

≈ 20 ms.

This value is lower than the duration of the trajectory. There-
fore, the robot meets all the specifications.

Figure7 shows the area of work of the robot which con-
tains the area of use specified in subsection3.1. The origin
of the robot can be adjusted to contain its whole area of
use. Thus, the robot and its actuators can reproduce the
trajectories measured on the musicians. It fulfills the re-
quirements to mimic finely the finger’s trajectory during a
plucking action.

3.3 Fingertip material

In a previous study [16], the shape and the material of a
fingertip was investigated to reproduce human finger pulp



behavior. Silicone was chosen because of its friction coef-
ficient, which is close to the human skin [11].

Figure 8. Fingertip shapes enhancing the aluminium end
effector of the robot.

Figure8 presents several fingertips molded with silicone.
During the moulding process, a set of parameters can be
controlled: the mold’s shape, the quantity of filler and oil
added to the mixture. Let us note that the filler increases
the hardness of the material while the oil decreases it. Fig-
ure9 shows a picture of DROPIC, enhanced by a silicone
fingertip, mounted on the concert harp.

An experiment presented in [16] has been carried out to
validate the robotic finger and to point out the best finger-
tips shape and hardness. For this purpose, a harpist has
been asked to perform isolated plucking actions. Then, the
extracted finger’s path has been reproduced by the robotic
finger enhanced with the various fingertips presented in fig-
ure8. The resulting string’s trajectories as well as the gen-
erated soundboard vibration have been compared to those
produced by the harpist. Results indicate that the harder
the fingertip is, the better the trajectory is followed. More-
over, better results have been obtained for fingertips with a
cylindrical shape, a round extremity and a hardness close
to 30 shore A. Eventually, let us remark that the silicone’s
drawback is the loss of its mechanical properties over time.
Therefore, new materials are currently investigated to en-
hance the robotic finger as for instance polyurethane.

Figure 9. The robot DROPIC mounted on the harp for
measurements.

4. CONCLUSION

This paper has presented the developing steps of a bio-
inspired musical robot based on a review of a previous

musician/interaction analysis. The proposed methodology
is carried out to conceive a robot designed to pluck harp
strings as harpists do. A phase of simplification of experi-
mental results is necessary to propose specifications of the
robot. Therefore, the analysis presented in [8], [9], [10]
and [11] are based on simplified models of the finger-string
interaction: the motion of the finger is only analyzed in
the plane perpendicular to the string and the torsion of the
string during the contact is ignored. Observation of ac-
tual plucking action shows that the rotation of the finger
around the contact point as well as the return force due to
string torsion may be decisive in the triggering of the slip-
ping of the string on the finger. The development of a two
axes robot for string plucking is therefore a first step in
understanding the influence of the different elements (fin-
ger motion, finger elastic behavior or hardness, skin con-
tact. . . ) that govern the initial oscillating conditions on
the string. This robot can be used to gather dynamical
information on the forces, both normal and tangential to
the contact surface, and therefore on the triggering of the
slipping of the string on the finger. Future versions may
include more complex motions such as those observed in
actual human plucking. Moreover, this methodology can
now be applied to others string instruments to analyse the
musician/instrument interaction.
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d’un piano par modèles physiques”, PhD Thesis
(2012), pp.51-56.

[16] D. Chadefaux, J-L.Le Carrou, M-A. Vitrani, S. Bill-
out and L. Quartier. “Harp plucking robotic finger”.
in IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS), Portugal (2012), pp.4886-
4891.

A. FORMULAS FOR THE STRING TENSION

For aith string fixed at both ends its tension is [13]:

Ti = 4ρliL
2

i f
2

i ,

whereρli its linear density,Li its length andfi its fun-
damental frequency. For the case of the harp, strings are
in gut, in nylon or wrapped. For the latter, an equivalent
linear densityρl can be deduced as follows [14,15]:

ρl = ρvw
π

4
D2 +

[

ρvc
π

4
− ρvw(

π

4
)2
]

d2,

whereρvw is the density of the wrapping element,ρvc is
the density of core material,D andd are the whole string’s
and its core’s diameters, respectively.

In quasi-static approximation, the relationship between
the string’s tension and the magnitude of the plucking ef-
fort is a straightforward geometrical relation [13]:

Fni = hiTi

Li

y0,i(Li − y0,i)

wherehi is the displacement of the string relatively to its
rest position,y0,i the plucking position andLi the string’s
length.


