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Abstract—In this paper a new assistive device for persons suffer-
ing tremor disease is presented. It should help those people to get
along with the everyday life situation of consuming beverages and
replace the feeding cups currently used.

The cup holder is built up as a mechatronic system. It consists of
a kinematic structure sustaining a standard cup as well as elec-
tronic and software components. The cup is moved by the device
in order to compensate linear and rotational accelerations as well
as tilt induced by a person’s tremor. For this purpose the charac-
teristics of the fast and large scaled tremor movements of the
patient’s hand are measured first. By use of the inverse kinemat-
ics calculated for the system and a method for the modelling of
the liquid’s movement, necessary reactions of the cup holder are
deduced. Using this information the device’s motors are actuated
to avoid spillage of the liquid. The underlying calculations are
run on a micro controller integrated in the system.

An experiment was conducted to validate the function of the
system. For this purpose an industrial robot was used to apply
common tremor frequencies and amplitudes to the cup holder. It
was shown that by use of the compensatory cup holder the spill-
age of the beverage can be eliminated at a wide range of different
tremors.

Keywords- tremor disease; compensation; assistive device; cup
holder; mechatronic;

L. INTRODUCTION

Tremor is a rhythmic, oscillating movement of a part of the
human body referring to a middle position [1]. It has many
different reasons and appearances. Beneath the physiological
tremor there are some other types which for example result
from diseases or pharmaceuticals [2]. Most common are the
Parkinson and the essential tremor [3].

The different types of tremor vary regarding to the part of
the body concerned, the frequency, and intensity. The physio-
logical tremor appears at low amplitude of vibration and at high
frequency. Amplitudes of tremors resulting from diseases are
higher. Tremor resulting from the Parkinson disease is a typical
resting tremor. It occurs at a frequency of 3-10 Hz. By contrast
the essential tremor causes oscillations at 4-12 Hz and occurs
when the affected muscle is in action. It can especially be seen
whilst grasping something using the hands [3]. Beyond, there
are the tremors occurring during intended movements and the
cerebellar tremor which appear when for example heading the
hand towards a defined goal position [2].
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Because of the huge number of different causes of tremor
diseases, their classification and medication is a demanding
task. A specific treatment and healing is hard to achieve. That
is why people suffering from tremor disease are critically
handicapped in everyday life. Especially ingestion is affected
by the unintentional movements. The consequences are highly
perceptible when a beverage is spilled while drinking.

II. STATE OF THE ART

In practice people suffering tremor disease can use feeding
cups for drinking. That way, the problem of spilling beverages
is reduced as far as possible, due to the narrow mouthpiece. But
this particular characteristic of the feeding cups causes different
problems. High effort has to be taken to guide the small
mouthpiece to the mouth. Beyond, sensory impressions like the
temperature of the beverage or its smell are reduced. Addition-
ally the use of feeding cups holds a danger of aspiration of the
beverage [4].

Hence solutions have to be developed to support people in
these situations, e.g. by balancing the beverage and therewith
the reduction of sloshing caused by motion.

In general, there are several possible solutions for this task
that can be classified into mechanic and mechatronic ones.
Damped spring-mass systems and pendulums for example are
types of mechanic systems. In mechatronic systems which are
used for this purpose the spring and damper are replaced by
active actuators.

Examples for passive damped spring-mass systems can be
found in [5] and [6]. Both systems try to keep a specific ele-
ment in its rest position. The first example describes a seismo-
graphic system in general with its seismic mass, the spring
characteristic and the damping function. The second applica-
tion is the so called steadicam®, a stand for film cameras. It
balances movements caused by human influence like tremor
and walking. It uses the moment of inertia and gravity as re-
storing forces.

Furthermore, there are examples for active systems which
balance liquids. In those systems actuators are used to realize
the balancing movements. To control them, the current states of
both, the system and the liquid, have to be known. In [7] an
example for the modelling of fluid motion has been proposed
in order to examine different shapes of fuel tanks. The oscilla-
tions caused by external forces have been modelled as first
order oscillations.
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An application in the field of robotics can be found in [8].
For the automation of a transport system, occurring 2-
dimensional motion of liquid steel in containers has been mod-
elled to realize a so called sloshing control. In [9, 10] this area
of research has been continued with the adoption to different
levels of the fluid and a second degree of freedom (DOF) of the
transport system. The fluid’s movement was represented by a
pendulum model. Another active method for the compensation
of accelerations was presented in [11, 12]. Accelerations which
affect a load placed on a mobile platform were actively com-
pensated by use of a parallel kinematics built underneath. The
platform was, for short impulses, able to induce accelerations
opposite to the moving direction. For horizontal forces which
have a longer lasting influence, the platform could tilt using
gravity to cause acceleration. In [13] online motion planning is
proposed for a 1-DOF kinematics carrying fluids. In [14] sig-
nals of acceleration and gyro sensors have been used as an
input for the compensation of accelerations. An augmented
pendulum algorithm containing a damping function was used
to imitate the movement of a passive pendulum by means of an
actuated platform.

As it can be seen in those examples, in most cases me-
chanic solutions are the cheapest and easiest way for the com-
pensation of accelerations. But those systems can hardly be
adapted to different situations as for example different levels of
beverages in a cup. By contrast mechatronic systems, espe-
cially the ones using online path planning, can be adapted to
different situations. For this purpose occurring movements
have to be detected. Relating to the tremor compensation the
tremor’s amplitude and frequency have to be determined.

For this task different methods are known. Mechanical de-
vices like the Edward-Sphygmograph [15] or an instrument
which uses potentiometers to define the position of a person’s
finger [16] have been developed to record the movements. The
latter uses a spatial mechanism and its inverse kinematics to
define the finger’s position. Recent systems use techniques
such as electromyography, accelerometry, laser vibrometry, or
camera and ultrasonic systems. Electromyography for example
is used in [3] to measure the rhythm and frequency of the
tremor of a human’s fore arm. The determination of the
tremor’s amplitude is rather imprecise using this method. An-
other type of tremor measurement, the videometry, uses high
speed video or infrared cameras to observe the movement of
predefined markers on the analysed part of the body like for
example shown in [17]. Non-contact but expensive methods
use ultrasound or laser vibrometry as for example proposed in
[18]. By use of the ultrasonic methods a real time recording of
the tremor can be carried out. All of those measurement meth-
ods require specific equipment and fixtures. Hence, the measur-
ing of the tremors’ characteristics can only be conducted in
laboratories. One ambulant method, as it is necessary for the
assistive device considered in this paper, is accelerometry. It
can be found in systems like Digi Trac®, which is analysed in
[19]. The system is attached to the analysed part of the body by
use of rubber bands or Velcro®. It allows for the monitoring of
a 3-dimensional tremor movement. To ensure portability, the
system’s energy supply is realised by use of accumulators. The
identified movement data is recorded onto internal storage and
afterwards evaluated using a computer. The same sensors can
also be used to measure the current orientation of parts of the
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body as shown in [20]. For this purpose the sensors were af-
fixed to human legs. Joint accelerations could be determined.

In clinical applications tremor compensating methods are
for example used in retina surgery. For that matter the tremor
of the surgeon’s hand is compensated by hand held surgical
instruments [21-23]. The current task of the tremor compensat-
ing cup holder differs significantly from these high precision
applications. It comprises large scaled ranges of movement.

III. MATERIAL AND METHODS

The objective of the current work is the development of a
mechatronic cup holder that can be used to compensate the
effects of the hand’s tremor during drinking situations. There-
fore, a cup is fitted to an actuated mechanism. The movements
of the beverage contained in the cup, which are evoked by the
tremor, should be balanced by the motion of the device’s kine-
matics. This way spillage of the fluid should be avoided. To
reduce the effects of tremor, the cup holder detects and com-
pensates occurring accelerations and inclines. It can be used at
high frequencies, fast accelerations and in comparison to state
of the art medical systems at particularly large amplitudes
caused by a disease’s tremor. Acceleration sensors are used to
gather information on the current position and orientation of
the device as well as occurring accelerations.

A.  Kinematics design and inverse kinematics

The kinematic structure of the device is designed as a paral-
lel robot. It deploys two degrees of freedom. Two servo motors
are used to actuate the system and accelerate the fluid opposite
to the motion induced by the tremor.

In Fig. 1 the cup holder’s kinematic structure is shown. The
ring 6 is used to hold a cup. It is supported by one single ball
joint integrated in the non-moving framework and a two arm
parallel mechanism. The two arms include one revolute and
one ball joint (the kinematics’ arm containing link 2 and 3) or
two ball joints respectively (the arm containing link 4 and 5).
The total DOF of the system is three. With each of the actua-
tors only one degree of freedom can be served. The residuary
one is an axial rotation occurring around the center axis of link
number 5. Since the impact of this rotation is very small it is
neglected in the following.

To compensate the liquid’s sloshing, as described later on,
the orientation of the cup is changed. For this purpose the posi-
tion and orientation of the ring 6 is changed by use of the ac-
tuators. To calculate the necessary angularities of the actuators
the inverse kinematics of the system has to be identified. Its
definition necessitates the introduction of several coordinate
systems (Fig. 2).

The first system (sys) is fixed to the framework of the de-
vice. It remains unmoved relating to the body. For zero position
of the actuators the center of the ring equals the center of this
coordinate system. Its x/y-plane is oriented horizontally.
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Figure 1. Model of the system’s kinematic structure showing its framework
(1), the single transmission elements (2-6) and its joints.

Each of the remaining transmission elements comprises two
coordinate systems. One system (A4;) marks the reference posi-
tion of element i relative to the foregoing element. The second
one (B;) identifies the element’s actual orientation. The basic
system A4,,; of element i+ is defined with respect to B;. The
movements occurring in the joints or the necessary translations
caused by the geometries of the single elements are represented
as homogeneous transformation matrices. A matrix “Tj for
example characterizes a transformation from coordinate system
A to B, with

Rp  “tg

A
TB=
of 1

M

The calculation of the angularity of the two servo motors of
both actuated arms of the cup holder was considered simplified
as a 2-dimensional geometric problem. For this purpose, the
ball joint between links 4 and 5 (Fig. 1) has been substituted by
a revolute joint in the calculation. This is possible, since the
system’s movement into the direction of the third DOF is rather
small and therefore can be neglected. To be able to realize a
time efficient calculation the inverse kinematic problem was
further reduced to a symmetric one. Hence in subsequent calcu-
lations both arms of the robot are regarded equal. This way the
number of calculations can be reduced significantly. This re-
duction is especially necessary to minimize the calculation
effort of the micro controller.

For setting up the inverse kinematics, the rotations from
coordinate system A4 to By describing the rotation of the cup
holder’s ring has to be formulated. Afterwards the position of
the point p; has to be expressed regarding to the angularity a of
the motor, the link lengths, and the overall geometry of the cup
holder. With respect to the geometric dimensions and the afore-
mentioned simplifications its position can be defined as
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The transformations A"Tsyx, T 46 and B6Tp, are known by
consideration of the links’ dimensions. “*Ts and *’p, have to
be determined. Because of the geometric symmetry of the cup
holder the postulated transformation “°T 4 around the ball joint
between the framework 1 and the ring 6 is restricted to rota-
tions around the x- and y-axis of coordinate system A4 With
the two angles of rotation called £ and y respectively, the trans-
formation is:

1 0 0 0)(cosB O sing 0

AGTB _ 0 c?sy —siny 0 . O 1 0 0 3
6 |0 siny cosy Of[-sing 0 cosf 0
0 0 0 1 0 0o 0 1

By use of the vector “’p; and the length of the kinematics’
elements the angularity of actuator 1 can be calculated. First,
the law of cosines is used to calculate o;:

2

2
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In the following the substitute angle w; is geometrically de-
fined as shown in Fig. 2. It can be calculated using

T 4
01 0) o2
a)1=acos#. )

Figure 2. Representation of the geometric correlation of the motor’s
angularity a and the movement of the ring (6) holding the cup. Additionally
the elements 2 and 3 of one arm of the kinematics as well as their
reference (4) and actual (B) coordinate systems are shown.



By use of these two angles the resulting angularity a for
motor 1 can be calculated using

a=o -0 ©)

The calculation of the position of point p, on the opposite
side of the ring is done analogously, since the three degrees of
freedom of the lower ball joint of link number 5 are reduced by
one. After the mathematic definition of the two arms of the cup
holder, its inverse kinematics can be calculated with respect to
the two angularities of the servo motors.

B.  Determination of the cup holder’s accelerations

To compensate the accelerations that act upon the beverage,
those who affect the cup holder have to be determined. For this
purpose, four acceleration sensors (Bosch SMB 380®) serving
three orthogonal directions each were integrated into the de-
vice’s framework (Fig. 3). By use of the twelve sensor signals
obtained and a calculation rule proposed in [24] not only the
relative position, velocity and the linear but also the angular
acceleration of the cup holder can be calculated. The latter are
needed for the determination of the system’s orientation by
means of the Kalman filter, which is described in paragraph D.

Without consideration of the derivations of the position
vector r with respect to time the acceleration of every point p
of the non-moving framework of the cup holder can be calcu-
lated to:

a=ag(1)+oxr+ox(oxr). @)

Therein a represents the vector of acceleration for a definite
point of the system, aq(#) the acceleration of the origin’s coor-
dinate system, ® the angular rate vector of the body, and r the
geometric coherence between the single point and the origin.
The dot product of a and the vectors of the effective directions
¢; of the sensor axes (8) results in a system of 12 equations. It
solely contains known components like the geometric position
r and the orientation of the sensors’ 12 principal axes e;:

a;=aoce;. ®)

Figure 3. Positioning of the four acceleration sensors with three sensitive
axes each. The sensors must not be positioned within a single sectional plane,
the axes have to be aligned parallel or orthogonally.
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Since the system’s overall dimensions are small, the dis-
tances in between the sensors are small, too. Hence, the sensor
measurements have to be sufficiently accurate. Therefore a
calibration of the sensors is very important to compensate inac-
curacies due to the assembly process. During this calibration
the cup holder was put into three definite orientations (0°,
+45°, and -45°) relative to the world coordinate system
(cf. Fig. 6). The sensors’ signals resulting from gravity were
determined (Fig. 4). Since the data which was measured by
means of the sensors did not correspond to the expected values,
the parameters for offset o and gain & had to be defined for
every sensor and every axial direction (x, y and z). For each
arrangement j the following mathematic correlation was set up:

a ) ky <Gy +0,.
theo,xj x; " Omx x;
== s L. .
Gtheo,y ? R; kyj Amy; t0y, |- ©)]
a _ k, -a,, +o,.
theo,z ; zj “mz; zj

Within the equation, a,,., refers to the expected acceleration
in every of the three axial directions (sys coordinate system), a,,
to the accelerations measured with the sensors for each direc-
tion and *"R; to the rotation matrices of the sensors’ coordinate
systems with respect to the sys system.

Since it was not possible to solve the system out of nine
unknown variables analytically, the Newton-Algorithm was
used to define the variables.

C. Sensor signals gained in different situations

In a first test the designed system was validated. The sen-
sors’ signals in different states of the system were recorded and
assigned to different use cases. For this purpose test persons
had to use the cup holder in a scenario of everyday life. First
they had to pick up the device, thereupon walk around at dif-
ferent velocities and then drink using the system. At last the
test persons had to deposit the device on a table.

During the time the cup holder was still on the table, the
measured magnitudes of acceleration of every single axis (x, y
and z) only showed the noise of the sensor signals. When the
system was lifted up the biggest impact could be seen on the z-
axis’ signal. The other axes only showed a minor reaction de-
pendent on how straight the upward movement was realized.
The following phase of walking could be seen as peaks of
acceleration in each of the sensors’ signals, primarily in z-
direction (Fig. 5).

With the sensor data gathered in this analysis a Fourier
transform was carried out. Hereby, frequencies recorded during
the tests could be sorted regarding to their frequency of occur-
rence at different steps of the scenario. The noise of the sensors
could be found in different frequency ranges, mainly between
0 and 15 Hz.
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Figure 4. The four sensors’ acceleration signals towards the y-axis of the
sys coordinate system (horizontal arrangement of the cup holder) before the
calibration (left); positioning of the cup holder at 45° for the calibration
(right).
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Figure 5. Sensor data for the acceleration in x, y and =-direction: noise can be
seen when the cup holder is at rest; an impact, primarly on the signal in
z-direction (upper signal), occurs during the lift of the system; peaks resulting
from the steps of the test persons can be seen during the walking phase; whilst
drinking, the middle value differs from zero, accelerations change constantly.

A distinct peak in the Fourier transform could be found at
about 2 Hz during the walking phase. This complies with the
frequency of the test persons’ steps. In test situations when the
test persons walked at higher velocity, the Fourier transform
showed a smaller peak at higher frequency. Tremor can mostly
be found in the range from 3to 12Hz. Since there was no
intentionally conducted tremor only small peaks of physiologi-
cal tremor could be detected. Those were approximately the
same in all three directions of space.

The moving average of the accelerations stayed around zero
during most of the test scenarios. Merely in the last step of the
test, where the test persons drank and intentionally tilted the
device, it changed significantly. It declined for the z-direction
and inclined for the other two directions. The sense the cup
holder is turned can be determined by evaluation of the align-
ment of the gravity vector.

D. Calculation of the system’s orientation

The cup holder’s orientation can be described as a rotation
of the sys-coordinate system fixed to its framework (Fig.2)
around the world coordinate system. For the calculation of the
orientation, the information about the system’s accelerations
gathered by means of the acceleration sensors (paragraph B) is
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used. Considered statically, the elements of the acceleration
vector indicate the direction of the vector of gravity g. The
twist of the sys coordinate system compared to the world sys-
tem can be calculated. To ensure consideration of the correct
quadrant, the atan2 function has been used. The angles y and S
around the world x- and y-axis have been calculated by use of
(10) and (11).

worldy: atan2<sysgy,sysgz)_ (10)

worldﬁ=_atan2(sysgx’sysgz)' (11

Considered dynamically, in addition to gravity, the accel-
eration of the tremor and the usual movements affect the meas-
ured data. These interfere with the accelerations caused by
gravity. So an additional method for filtering the data and re-
ducing this sensor noise had to be implemented. Hence, a Kal-
man filter has been used. During the time update phase the
angles around the x- and y-axis as well as their derivations are
estimated using a system model and the angular accelerations
(section III, B) as input information. In the measurement up-
date phase the angles of rotation (10, 11) are determined by
means of the sensors. The identified values differ from the real
values due to noise occurring during the measurement. The
different errors which have to be considered originate from the
noise of sensors as well as the discretization.

E.  Simulation of the fluid’s movement

The different orientations as well as accelerations which
arise during the use of the device lead to different angles be-
tween the surface of the liquid and the horizontal plane of the
world coordinate system. This can eventually lead to spillage of
the beverage. When the effect of the acceleration stops, the
liquid swings back into the opposite direction. A damped oscil-
lation succeeds.

If the oscillation of the liquid should be compensated, its
surface inclination has to be known. This could be achieved by
integrating sensors in the cup which would be difficult to ar-
range due to hygienic problems and high cost. Additionally the
washability would have to be assured.

A more practicable solution is the modelling of the liquid’s
movement. For that purpose a pendulum model can be used to
describe the liquid’s level (Fig. 6).

The model used for the cup holder is based on methods
shown in [10]. The heights of the liquid /, and /, have to be
levelled (/; = /,) by a correlating movement of the cup holder.
The equation of the liquid’s model, e.g. for the x-direction of
the sys coordinate system was compiled to

T 1
gx:_;'(ax_nx)_§'0x_7'ax- (12)
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Figure 6. Calculation of the beverage’s movement by use of a pendulum
model with the heights /; and /; as well as the angle 6, resulting from an
acceleration « on the pendulum with its mass m and the damping c.

The model accounts for the acceleration a,, the gravity g,
the angular rate 7, of the ring of the cup holder (respecting a

down time for the actuator movement), the mass m of the fluid
and the angle of the fluid 8 which results from the heights /,
and /,. The length of the pendulum / results from the eigenfre-
quency of the fluid. The coefficient ¢ takes into account the
viscosity of the fluid and the friction between fluid and cup. It
is derived experimentally. The equation has been used for the
y-direction analogously. For the following calculations the
accelerations, which are measured in the world coordinate
system have to be transformed into the current system sys by
use of the transformation T, (13).

1 0 0 0Y(cosp 0 sing O
world p_ 0 cosy -siny 0 10 1 0 0 L(13)
P10 siny cosy 0]|-sinf 0 cosf 0
0 0 0 1 0 o o 1

Additionally the constants of (12) have to be defined. The
gravity index is specified to 9.81 m/s. Since the mass of the
cup varies with the level of the liquid (which changes during
the use of the cup holder) a default value was defined to 0.2 kg.
It represents the weight of the maximum possible fluid level
which represents the situation of maximum danger of spillage.
The coefficient ¢ was defined experimentally to 0.54 Ns/kg
according to the procedure presented in [10]. The eigenfre-
quency of the first mode of the liquid was calculated to
1.64 Hz. Referring to the procedure the length of the pendulum
was assumed to be 0.092 m.

F. About the mechatronic and mechanic realization

For the validation of the mathematical models and the func-
tionalities of the tremor compensating cup holder concept a
fully working prototype was built up. For its fabrication rapid
prototyping as well as standard manufacturing methods have
been used. The base frame, in which the sensors have already
been built in, has been fabricated by means of 3D-printing. For
the additional kinematic elements like joints or links, standard
parts have been used. The actuation has been realized using
digital servo motors running at 6 V with a maximum torque of
0.35 Nm. The motors have an integrated position controller
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which is fed by a PWM-signal. Since the cup holder should be
a mobile system, the power supply, the control unit, and all
electronic peripherals had to be integrated into the system. The
controller was implemented on an 8 bit micro controller (AT-
Mega 2560®).

The micro controller (16 MHz) calculates the current angle
6 of the liquid’s surface in x- and y-direction (12), the cup
holder’s current orientation as well as the inverse kinematics
(6) of the system. Knowing the state of the system, the neces-
sary movement of the cup can be deduced. It is moved such
that the liquid’s surface is ever perpendicular to the cup’s cen-
ter line. Using the inverse kinematics the necessary angles of
rotation of the two servo motors to obtain this orientation are
calculated.

For the implementation on the micro controller the mathe-
matical problem in (12) had to be discretized. Additionally it
has to be formulated as a 2-dimensional system of first order
equations according to

: ¢ g ¢ .1 word
—_— ——— —_— +—-
[ZIJ= m / -(zlj+ m 7 / a’ 14
0

) z

with z =6 and z, = 0. For the numerical solution of this

equation system the two step procedure was used. Its rule is
shown in (15) with the function £, the discretized steps & and
k+1 as well as 4 as the step size between the steps #.; and 4.

h
Zpy1 = 2k +E-(3-f(lk,zk)—f(lk_],Zk__1)). (15)

IV. EXPERIMENTS

To test the cup holder’s operability, a number of experi-
ments has been conducted using the prototype. One precondi-
tion for the tests was the provision of identical, reproducible
input parameters. Additionally, the movement’s parameters
should be equal to those occurring under real conditions. Dur-
ing the first part of the experiments the device was moved with
the orientation and acceleration compensation switched off.
Subsequently, the prototype was moved with the compensation
function switched on. The behaviour of the liquid was moni-
tored in both situations.

Since reproducibility was required for these first experi-
ments no people were involved. Instead an industrial robot, a
Stdubli RX 90, was used to simulate a possible tremor move-
ment. This implied that the robot could generate the dynamic
properties referring to velocity and acceleration, which occur in
a common tremor motion. A fixture was attached to the 6-DOF
robot to mount the cup holder device. This way the stimulation
of the device by use of different profiles of acceleration and
different amplitudes was possible. The experiments were ana-
lysed by use of a digital video and a Fourier transform of the
acceleration that could be measured. The experimental setup is
shown in Fig. 7. It shows the robot with the fixture attached to
its tool changer. On the fixture the cup holder device was



mounted. To prevent the liquid spilling out of the cup and be-
ing poured on the robot an additional panel was attached.

In [25] experiments were conducted, which showed the fre-
quencies resulting from the tremor of Parkinson patients to be
in between 3 und 7 Hz. The amplitude of the tremor could
mostly be found below 0.3 g, occasionally rising up to 0.9 g.
By use of this information the experiments could be specified.
For the stimulation of the system a sinus function was used. Its
range of frequencies was defined 3 to 7 Hz. In general, the
frequencies were varied in steps of 0.5 Hz. In the most relevant
range from 4 to 5 Hz the variation was done in steps of
0.25 Hz. The amplitude was varied between 0 g and 0.45 g in
steps of 0.05 g. Amplitudes bigger than 0.45 g could currently
not be realized due to safety issues during the use of the robot.

Every single movement of the 110 experiments conducted
during the analysis uses an individual acceleration profile for
the robot. For this purpose the robot was controlled by means
of a micro controller to explicitly define the acceleration pro-
file. The movement was stated linearly along the x-axis of the
cup holder’s sys coordinate system.

During the experiments the liquid’s surface in the cup was
monitored for spillage. In Fig. 8 the results of the experiments
with and without the compensation are compared. The experi-
ments in which no spillage of the beverage could be monitored
are visualized in the graph. It is clear to see that in case of using
the compensation method the amplitude and with it the accel-
eration of the tremor movement could be larger than without it.

It can also be seen, that at higher tremor frequencies spill-
age of the liquid gets unlikely, even without the compensation
switched on. This can be explained by the fluid’s eigenfre-
quency. At the filling level of the test setup it was calculated to
1.67 Hz. So all tremor frequencies applied have been above
eigenfrequency. In this range of frequency the resonance curve
declines. Moreover, the amplitude of the liquid’s oscillation
declines with the increase of the frequency, due to the indus-
trial robot’s maximum acceleration. These effects reduce spill-
age at higher frequencies.

Stiubli RX 90 fixture «—— camcorder

panel cup holder

Figure 7. The testing environment: an industrial robot (Staubli RX 90) which
moves the cup holder, fastened by means of a fixture. The robot is shielded by
a panel and a camcorder is used to record the experiments.
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Figure 8. Illustration of the experiment’s results: The amplitudes (and
therewith the velocity) of the tremor without spillage can be higher when
using the tremor compensation method. Amplitudes above 0.45 g have not
been realized due to safety issues whilst using the robot.

V. CONCLUSION AND DISCUSSION

The work at hand presents a mechatronic device which im-
proves ingestion for patients suffering tremor disease. More
precisely the mobile system supports the drinking process by
balancing the beverage’s movements and therewith reduces
spillage. After the build-up of the system’s hardware, experi-
ments were conducted to validate the sensor calibration as well
as the developed equations. A control strategy for the system
was implemented including a virtual pendulum for modelling
the fluid’s movement. At last, experiments for a validation of
the system’s operability were conducted. For this purpose an
industrial robot was used. It moved the cup holder reproducible
and measurable at a definite frequency as well as amplitude.
Looking at the results of the experiments one can see that the
system helps to reduce spillage of the beverage contained
within the cup.

Compared to a patient’s tremor, the shaking produced with
the industrial robot is standardized. So in a next step of the
work the system has to be tested on people. That way its effect
on spillage and the acceptance by the users have to be evalu-
ated. The tests could for example be conducted in hospitals or
retirement homes. For this purpose two methods are conceiv-
able. On the one hand, the system could be used to record the
tremor of a group of patients during the drinking process. The
information gathered could then be used to realize a reproduci-
ble, application oriented control of the robot. During further
experiments, spillage of the liquid could be determined with or
without the compensation function. On the other hand, the
system could directly be tested in the normal routine of the day.
The verification would then be more difficult but closer to
reality.

Previous to these experiments, the current system has to be
further improved. Both, the size and the weight of the cup
holder could be reduced to improve the system’s handling.
Both parameters are partly due to the multitude of functions
which are as yet implemented for evaluation reasons. In an
improved system some of the interfaces wouldn’t be necessary
any more. Additionally, the micro controller and further elec-



tronic components could be integrated into one single printed
board. The accumulators used in the current system could as
well be exchanged to reduce weight as well as size.

Noise, currently occurring during the determination of the
accelerations, limits the accuracy of the calculations. To get a
higher accuracy, the rotary accelerations could be detected
more precisely. For that reason, sensors of a different type, e. g.
gyro sensors, could be used. Furthermore, the distances be-
tween the sensors have a big influence on the accuracy due to
the used calculation method. Hence these distances could be
increased in order to increase accuracy.

Taking a look at the mechanics of the system an optimiza-
tion of the parallel manipulator could be carried out. For exam-
ple, the lengths of single elements could be optimized to in-
crease the workspace of the robot. Beyond, the current kine-
matics setup could be improved using elements of higher qual-
ity. On the electronics side different actuators providing both
higher acceleration and accuracy could be used.
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