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Abstract. Humans vary the stiffness in their joints depending on tasks
and circumstances. For posture control a high joint stiffness is required
to withstand perturbations, whereas for force control a low joint stiffness
is required. To investigate how humans vary their joint stiffness precisely
for moving an arm, a wearable device is needed that can generate small
force perturbations at the wrist while measuring the resulting muscular
reactions. The majority of the state-of-the-art devices either offer too lit-
tle versatility or impede the free movement of the arm. Based on a 3-DoF
spatial redundant 4-RUU parallel manipulator applied in an inverted way
where the original base with actuators has become the moving platform
and the original moving platform is attached to the wrist as a bracelet,
a versatile, 0.175 kg lightweight, low impedance, and compact wearable
device was developed that can generate perturbation forces in X-, Y-,
and Z-direction. The design and a prototype of the device are presented
with experimental tests showing controlled perturbations in the order of
4N with frequencies up to 12 Hz.

Keywords: Force perturbation - Wearable device + Human arm -
System identification - Bracelet + Parallel manipulator + Mechatronics

1 Introduction

System identification has been used for decades to determine the mechanical
properties of the human limbs [1]. Originally, these experiments entailed robotic
manipulators applying perturbations to a human joint in a laboratory setting.
Due to scientific developments in the field of robotics [2] and healthcare [3],
measurements outside the laboratory in the normal human environment are
needed. By using wearable measurement devices it is possible to do experiments
during daily tasks without impeding voluntary movements.

For arm perturbators a multitude of wearable devices exist, differing mainly
in their actuation principle and resulting specifications. With pneumatics it is
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possible to generate well-defined and versatile perturbation forces. By imple-
menting the airjet principle [4], a perturbation force of 4N with a frequency of
75 Hz is achievable. A solution with perturbation forces in three different direc-
tions is realized by mounting a block with multiple outlets on the wrist [5]. The
working principle behind these designs is the venting of pressurized air into the
atmosphere, generating also considerable noise. Using the air pressure to move
a mass instead of venting for generating a perturbation force results in a quieter
device [6]. Still, the major drawback of all pneumatics based systems is the bulky
peripheral equipment such as pressure tank, tubes, and valves that is needed.

Electro-mechanical solutions exist in the form of rotating and translating
assemblies. Rotating assemblies can generate force or torque perturbations by
using flywheel inertia [7] or the gyroscopic effect [8]. However, as a side effect the
gyroscopic stabilization of rotating bodies impedes voluntary movement. Current
translational solutions consist of crank [9] and cam [10] mechanisms that are able
to produce repeatable force perturbations with high amplitudes. Unfortunately,
these 1-DoF mechanisms also generate substantial parasitic forces.

The majority of current electro-mechanical solutions have been designed to
be applied to the arm, however little effort has been made to lower or eliminate
their impedance. Some devices are placed on the wrist off-axis, inducing torques
as well. Other solutions consist of significant rectangular or cylindrical objects
and are required to be hand-held. In addition, most existing actuation principles
generate perturbation forces in solely a single direction and need to be stacked for
multi-directional force perturbations, resulting in inefficient and bulky devices.

The goal of this paper is to present a proof-of-concept mechatronic device
designed to be compact, lightweight, and wearable and to generate controlled
force perturbations in X-, Y-, and Z-direction at the wrist. This is achieved by
using high performance servo motors together with a novel inverted implemen-
tation of a spatial redundant three-degrees-of-freedom (3-DoF) 4-RUU parallel
manipulator. Since the device is intended for non-intrusive system identification,
design choices have been made with this purpose in mind. First the parallel mech-
anism and its kinematics are explained and subsequently the prototype device is
presented and described in detail. Then an experimental evaluation of the per-
formance of the prototype is shown and points for improvement are discussed.

2 Design

The working principle of the design is based on Newton’s second and third law of
motion, where the acceleration of a mass results in a reaction force proportional
and opposite to this acceleration. This relation enables a lightweight design to
generate a suitably large perturbation force, as long as the mechanism can pro-
vide ample acceleration.

2.1 The Mechanism

To generate perturbation forces in the three directions X, Y, and Z by moving a
mass, a device with three translational DoFs is needed. Different from stacking
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three 1-DoF mechanisms in series, implementing a 3-DoF parallel mechanism
leads to a significantly less bulky and an efficient design. In addition, parallel
mechanisms offer a high stiffness and are known for their excellent dynamic
behaviour [11]. For this particular application the Delta manipulator [12] is a
suitable starting point.

Fig.1. (a) Concept of a device with parallel mechanism connecting an inner ring
attached to the wrist with an outer motion controlled ring enabling free movement of
the arm while doing measurements on the arm; (b) The developed prototype device
mounted on a person’s wrist

Due to its typical geometry, a parallel manipulator mechanism is perfectly
suitable for construction around the wrist, necessary to avoid axial rotational
perturbations and leaving the person’s hands free for doing tasks. Therefore,
the base of the mechanism was chosen to be a ring, tightly fitted around the
wrist as illustrated in Fig. la. The large moving element of the mechanism, in
robotics called the end-effector or moving platform, is also chosen to be a ring
around the wrist but with a larger diameter than the base such that it has space
to move towards and away from the arm. The two rings are connected with
kinematic chains—i.e. robotic legs—such that the outer ring is constrained to
move solely with 3-DoF translational motions. For this, three RUU legs as in
the Delta manipulator are sufficient, where R represents a revolute joint and U
a universal joint.

Since the large outer ring needs to have significant mass for generating the
perturbation forces, contrary to conventional designs of parallel manipulators
that have the actuators at the base, here it is chosen to place the actuators on
the moving platform, i.e. on the outer ring. The mass of the actuators then is
effectively used to generate perturbation forces with the total mass of the device
remaining relatively low. Such a design can be regarded an inverted application
of a parallel manipulator where the original base with actuators has become the
moving platform and the original moving platform has become the base of the
robot. The inverted application means that each leg has a revolute joint with the
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moving platform which is driven by an actuator and that the leg elements con-
nected to the base ring around the wrist consist of the well-known parallelograms
of the Delta manipulator with universal joints on each side.

Upper arm

Inner ring

Servo motor

128,00

Outer ring
Lower arm

Fig. 2. CAD model of the prototype with the main dimensions (in mm). The Z-axis is
defined in the longitudinal direction with the X- and Y-axis in the transverse plane

2.2 Redundant Leg and CAD

In order to obtain a compact device and to avoid axial rotational perturbations it
is preferred to have the outer ring and inner ring be concentric and coplanar when
in home position. With the Delta manipulator mechanism this is not possible
since this pose is a singularity. Therefore it was chosen to add a fourth driven leg
equal to the three legs to obtain both kinematic redundancy as well as actuation
redundancy and to distribute the four legs equally around the wrist with one
pair of opposite motors acting from one side and the other pair of opposite
motors acting from the other side mounted on the rings with an out-of-plane
offset between both pairs of motors. Figure 2 shows the CAD model of this new
manipulator with the dimensions where the lengths of the links of the legs were
determined by a close to 90° angle between both links when in the home pose
for which the sensibility to the singularities was found to be the lowest. The
outer ring is able to move at least 8 mm from its home position in all directions
relative to the inner ring, allowing maximal displacements of 16 mm.

General other advantages of redundancy are known as that play in the joints
is reduced or eleminated and the mechanism stiffness is increased [11], and that
its performance is boosted [13,14].

Since for the production of the prototype it was chosen to select as much
as possible off-the-shelf components, the device was designed with micro ball
joints instead of universal joints as shown in Fig.2. This means that all the
links connected to the inner ring are underconstrained and can freely rotate
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about their longitudinal axis. Since this rotational motion is limited by physical
boundaries and does not affect the motion of the outer ring, this has no influence
on the functioning of the device.

3 Prototype

3.1 Production

The developed prototype of the wrist perturbator is shown in Fig.1b and in
Fig.3a. Both the inner and the outer ring have been manufactured of PLA
polymer by 3D printing. The inner ring was produced to be dividable in two
halves (not shown in Fig. 2) for mounting it tightly around the wrist by screwing
the halves together. Using a material stiffer than PLA would be beneficial for the
stiffness of the device, however 3D printing with PLA is sufficient for the proof-
of-concept and practical for including all the attachment points and details. The
moving mass of the device, i.e. the mass of the outer ring including the actuators,
is 0.146 kg and the total mass of the complete device as shown is with 0.175 kg
significantly lightweight.

3.2 Actuation

For the actuation of the prototype the KST DS215MG V3.0 servo motor was
selected. In addition to excellent performance characteristics as shown in Table 1,
the implementation of this motor is very practical since it consists of a gearbox,
an encoder, and an internal controller in one. With two ball bearings the motor
is strong and robust. It has a small footprint and low weight while generating
significantly high torques at relatively high speeds. The motor operates at 7.4V,
which is the rated voltage of compact two cell LiPo battery packs and a safe
voltage to use for human contact.

Table 1. Specifications of the KST DS215MG V3.0 servo motor

Operating voltage (V) 6.0 or 7.4
Torque (Nm) 0.30 or 0.36
Angular velocity (rad/s) 34.9 or 41.9
Control frequency (Hz) 333
Dimensions (I x w x h) (mm?®) | 23 x 12 x 27.5
Weight (g) 20

The control of the motors is also rather simple, for which an Arduino Nano
was used. The Arduino communicates via a pulse width modulated (PWM)
signal sending the desired motor angles at each time step for position control.
The internal motor controller then rotates the motor axle to the desired angle
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with an internal feedback loop of which no (encoder) data is accessible. Also the
control parameters are not tunable. It is remarkable that with this equipement
also the complete system of the device, the Arduino Nano controller, and a two
cell LiPo battery pack is very compact, fully wearable, and lightweight.

For redundantly controlled manipulators generally it is important in the con-
trol to distribute the actuator torques well among the actuators for best per-
formance and to omit the generation of internal forces which can become sig-
nificantly high [14]. With these motors that is not possible. Since the maximal
motor torques are too low to break the device, this however is not a risk here
although the performance and power consumption may not be optimal.

3.3 Motion Control

The motion of the outer ring can be programmed such that the device generates
either a transient or a periodic pulse or force perturbation. For the aimed purpose
of system identification a suitable choice of acceleration profile is a block wave
representing a step function. The control algorithm has as inputs the desired
displacement and direction of the perturbation force, for instance from —0.005
to 0.005 m along the X-axis, and the (max) acceleration derived from the desired
perturbation force from which the pulse length and the position of the outer
ring at each time step are calculated. With the inverse kinematic model [12] this
trajectory of positions is turned into an array of the corresponding motor angles
at each time step which then is converted into the input signals for each motor.

The derived motor angles were also used as input for simulations of the device
in Simscape, with which the performance could be validated by the generated
reaction forces and reaction moments on the base i.e. wrist and insight in the
motor torques and motor velocities could be obtained.

4 Experimental Measurements

4.1 Experimental Set-Up

The prototype was experimentally tested in the setup shown in Fig. 3. The inner
ring was mounted on a 3D printed artificial wrist which was mounted on an ATI
mini45 6-DoF force-torque sensor to measure the generated perturbation forces.
The sensor was placed perfectly horizontally such that also the transversal plane
or XY-plane of the prototype was perfectly horizontal with the Z-axis pointing
upwards. The output of the sensor was sampled at 10 kHz, passed through a 5V
amplifier and was then processed by a NI USB-6361 DAQ. By a USB connection,
the six signals were led into a MATLAB script where the signals were multiplied
with the sensor’s calibration matrix resulting into the measured force and torque
values. Each measurement began with powering on the prototype in its home
position. The first measured values of each measurement were averaged and
subtracted from the complete measurement to correct for offset and for the
influence of gravity.
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Artificial

ATl mini45

Fig. 3. The wrist perturbator prototype mounted on an artificial wrist that is mounted
on an ATI Mini45 6-DoF force-torque sensor for measurement of the generated pertur-
bation forces

4.2 Experiments

As a preparation for the final performance experiment, some initial tests were
performed to check the control and overall functioning of the system. It was
empirically determined that the motors’ maximum rotational velocity was
32rad/s, when loaded. This value was used for the motion planning. During
the first experiments it became clear that this rotational velocity was severely
limiting the capabilities of the device. For large displacements and high acceler-
ations the motors quickly reached their top speed. High perturbation forces of
8 N were still achievable, but this required an acceleration profile different from a
block wave or the increase of the weight of the outer ring for which accelerations
can be lower. The choice for a block wave acceleration profile therefore does not
give the highest possible force perturbations with this device.

The following tests were performed: a 3N periodic and 4 N transient force
perturbation for 10 mm displacements about the home position in X-, Y-, and
Z-direction. Since during daily tasks the direction of the gravity force changes
continuously as the arm moves around, the prototype was tested both horizon-
tally as in Fig. 3 and vertically being 90° rotated about the Y-axis.

4.3 Results

Figure4 shows the results of the periodic tests, together with the theoretical
values. The average measured force is displayed with a solid line and the standard
deviation is represented by dotted lines. The plots represent one full cycle of
the mechanism and while a periodic signal can be detected, it does not entirely
resemble the desired block wave. The zero-crossing occurs halfway the trajectory,
when the outer ring changes from acceleration to deceleration. A quarter period
to both sides from this point there is a dip. This is most likely due to the motors
having to switch directions. The other dips in the values are attributed to the



Design and Validation of a 3-DoF Wrist Perturbator 793

internal controller of the servos which process the angular inputs at 333 Hz (every
3 ms) which turns out too slow for this motion. This was proved by increasing the
moving mass for which the acceleration to generate an equal force perturbation
is lower and more data points are available for the controller, showing indeed a
smoother output. Comparing the two orientations of the prototype shows that
there is no change in the generated force perturbation and that gravity has no
influence on the performance.

Perturbing force signal (X) Perturbing force signal (Y) Perturbing force signal (Z)
"

horizontal
theoretical
vertical

horizontal
theoretical
vertical

Force (N)

0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
Time (s) Time (s) Time (s)

Fig. 4. 3N force perturbations in X, Y, and Z direction with the gravity force in the
Z-direction in black and when set-up is rotated 90° around the Y-axis with the gravity
force in the X-direction in red

Figure 5 shows the measured forces for a one-way motion in X-, Y-, and Z-
direction. Also here the average measured force is displayed with a solid line and
the standard deviation is represented by dotted lines. The value of 4 N is reached
during deceleration as a peak. The signal is smoother during acceleration, but
then does not reach the 4 N. This could be a result of the backlash in the joints, or
the unfavourable position of the arms at the edges of the workspace. Combined
with the non-optimal controller, this can result in undershoot or overshoot.

During the experiments also the parasitic forces and moments were mea-
sured. Although not displayed here, generally their values were significantly low.
Parasitic forces tended to become larger when reaching the outer limits of the
workspace in the transversal XY-plane.

5 Discussion

The force perturbations that can be generated by the prototype are a trade-off
among different parameters. The force magnitude depends on the weight of the
moving mass and its acceleration while the acceleration together with the size of
the stroke influence the length of the perturbation and the maximum bandwidth.
Therefore the user has to determine which shape and size of the perturbation is
desired for which all combinations have not yet been evaluated.

Some rough specifications of the presented design can be derived from observ-
ing the prototype and by inspecting the experimental data. The maximum travel
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Perturbing force signal (X) Perturbing force signal (Y) Perturbing force signal (Z)
T T

4 L
G

Force (N)
o
Force (N)

0 0.02 0.04 0.06 0 0.02 0.04 0.06 0 0.02 0.04 0.06
Time (s) Time (s) Time (s)

Fig. 5. 4N transient force perturbations in X-, Y-, and Z-direction

was measured to be 16 mm in all directions. The nominal force perturbation
for square wave acceleration profiles is limited to roughly 4N at a maximum
bandwidth of 12Hz. These outcomes showed to be repeatable with an aver-
age standard deviation of 0.20N, 0.22N, and 0.53 N in X-, Y-, and Z-direction,
respectively. A maximum force perturbation of about 8N for a high-frequency
peak acceleration was shown possible.

The fourth redundant leg increased the mechanism’s stiffness, while decreas-
ing its sensitivity to singular positions. Yet, due to significant play in the ball
joints the stiffness decreased when moving away from the home position. Also
some hysteresis can be observed in the results of the periodic experiments. It
is recommended to implement precise play-free universal joints, to design stiffer
rings, and to optimize the geometry to improve the performance of the design.

The chosen actuators showed excellent simplicity for implementation and
control. However its internal controller gave poor setpoint tracking, especially
due to the redundancy of the mechanism, limiting the performance significantly.
Since it is known that redundant parallel manipulators benefit from customized
control [15] this would lead to a significant improvement. Also the motors’ gear
ratio should be optimized and reduced to increase its maximum angular velocity
needed for generating higher perturbation forces.

6 Conclusion

In this paper, a proof-of-concept wearable mechatronic device was presented that
is able to generate controlled transient or up to 12 Hz periodic force perturba-
tions of 4N in X-, Y-, and Z-direction at the wrist for measurements on the
human arm. With respect to the state of the art, this device has a high level of
versatility, is compact and lightweight with just 0.175 kg, and has a significantly
low impedance to voluntary movements.

The design of the device is based on a novel inverted implementation of a
redundant three-degrees-of-freedom spatial 4-RUU parallel manipulator to keep
the design as compact as possible and for minimal parasitic torques. Small pow-
erful servo motors were selected to redundantly actuate the mechanism for high
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performance and simple implementation of the control electronics. By experi-
ments the viability and potential of the device was shown. Since the automatic
internal controller of the servo motors showed to be limiting, the performance
of the device can be improved by implementing motors with dedicated motor
control.
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