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Abstract. This paper presents the development of a novel six-degree-of-
freedom (DoF) force-feedback (FF) joystick, which is designed for control-
ling large mobile manipulators. We first present the joystick design based on
a compact Stewart-platform mechanism to generate motion in all transna-
tional and rotational DoF. A computationally efficient closed-form inverse-
kinematics formulation is derived, and the necessary forward-kinematics
solution is presented. The forward-kinematics solver is implemented on an
Arduino-class microcontroller, demonstrating that the approach is suit-
able for embedded real-time operation. In addition, FF is provided in each
DoF to support operator during manipulation. With our novel compensa-
tion scheme, the nonlinearities of the parallel mechanism are addressed to
achieve a linear force-displacement characteristic, improving operator com-
fort. Finally, the proposed joystick is integrated into a human-in-the-loop
simulator, and a control mapping is implemented exemplarily. Initial tests
demonstrate the approach is feasible and suggest broad utility for future
applications..
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1 Introduction

Mobile manipulators (MMs) are a class of robotic systems that combine a mobile
base (also called vehicle) with a robotic arm (manipulator). Small MMs, along with
their modeling, analysis, and control challenges, have been studied extensively in
the literature; see [1], [2], [3]. These works typically target fully autonomous oper-
ation and do not consider the presence of a human operator. A further field is the
large hydraulic manipulator, controlled by a human operator, which is necessary
as the working environment of these systems is contaminated and unstructured
and sensors work unreliably. Therefore, an automation without a human operator
is not practicable in the near future; see [4], [5], [6].

The MM system considered in this work lies between these two classes of robotic
systems. The mobile base is a mid-sized tractor, and the manipulator is a large
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Fig. 1: (a) Stewart platform schematic and (b) picture of the realized system with rotary
actuators.

hydraulic arm (see, e.g., [7]). Such platforms are used in roadside maintenance and
in agricultural operations such as trench cleaning.

A fully automated control concept of such MMs has been proposed in [8].
In practice, however, these approaches are difficult to deploy due to unreliable
sensors. To address this limitation, shared control concepts are proposed in which
the automation controls only the mobile base to assist the operator, who directly
controls the manipulator; see [9] or [10]. The method relies solely on operator
commands, requiring no manipulator state measurements or reference trajectory.

In this work, we propose a compact Stewart Platform (SP)-based six-DoF
joystick for controlling a mobile manipulator, using rotary actuation and embedded
computation. The contributions of this work are: (i) a compact SP-based 6-DoF
joystick with rotary actuation for embedded real-time control, (ii) an Arduino-
class forward-kinematics implementation for real-time pose estimation, and (iii)
a Cartesian-wrench compensation method for near-linear, direction-independent
haptic stiffness.

2 The proposed six-DoF joystick

2.1 Application context and joystick mechanism

Hydraulic manipulators are widely used due to their high power-to-weight ratio
and robustness to contamination [4]. In practice, such machines are commonly
operated with 2-DoF joysticks that command joint or task-space velocities (rate
control). To extend operator input and enable haptic cues while preserving the
robustness of rate control, we realize the joystick as a compact Stewart platform
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(SP) [11]. The SP is a six-legged parallel mechanism connecting a base platform
(BP) and a moving platform (MP) (Fig. 1a), offering high stiffness/load capacity
and a naturally limited workspace [12], consistent with conventional operating
elements [4].

2.2 Kinematics of the Stewart Platform

A schematic of the SP is shown in Fig. 1a. For parallel robots, inverse kinematics
(IK) are typically available in closed form [12]. For a desired platform pose x
defined by position p,, and orientation PR, the i-th leg vector £; and its length
l; in the base-platform (BP) frame Fp are computed as:

£i(@) = Py, + "Rurbi —p;, li@) = i), (1)

where PR, maps the MP frame Fj; to Fg. Vectors b; and p; denote attach-
ment points in Fy; and Fp, respectively, for ¢ € {1,...,6}. Following [13], our
system utilizes fixed rotary actuators where motor angles ¢ = [¢1,...,¢pq]T are
determined by the actuator geometry ¢ = g(l1,...,ls); see Fig. 1b.

Forward kinematics (FK) determine the pose @ from measured angles ¢ by
first computing leg lengths I;(¢) and then solving the loop-closure constraints. We
define a residual vector f(z) € R® with components:

fi(®) = £i(x)"4i(x) — Li(p)* = 0. (2)
The pose is estimated by solving f(x) = 0 via Newton—Raphson iteration:
Tpy1 = Tk — (Jf(wk))T I (), (3)

where Jy = 0f /0x and ()1 is the pseudoinverse. Upon convergence, = represents
the estimated joystick pose.

The commercially available 2-DoF operating elements are typically stabilized
about their center by a linear spring—mass characteristic: larger displacements from
the center produce proportionally larger restoring forces. To realize this behavior,
the motor torques are commanded as

Ti = Cang * A@lv (4)

where Ag; is the deviation of the motor angles from the desired angles and cang
is the spring constants. Using rotatory actuators raise the following problem: Set-
ting of the desired position with (4) causes non-linear forces on the joystick.
To enable linear behaviour, a spring equation for the position and orientation
of the joystick must be used with the following equation F' = cpos - Az, where
F = [fs, fy, f-, Tz, Ty, 7] is the wrench with the force and torque components of
the joystick grip. The deviation from the desired position and orientation of the
joystick is Az and cpes is the new spring constant. Computing the desired wrench,
the so call static wrench transmission of the closed chain is computed [14]

Ti=J0r. (5)

This Cartesian-wrench formulation is the basis for the compensation concept de-
scribed next.
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3 The proposed control concepts

3.1 Design of the haptic feedback

When designing the haptic feedback, human haptic perception must be considered
to ensure comfortable joystick operation and a seamless human-machine interac-
tion [16]. In particular, the rendered wrench should be reliably perceivable at the
hand (i.e., above absolute detection thresholds) and should change in increments
that exceed the differential threshold (just-noticeable difference) [15]. The absolute
threshold {2y denotes the minimum stimulus magnitude required for perception; for
palmar contact, reported force thresholds are in the low-millinewton range. More-
over, perceived intensity is often modeled as logarithmic in the stimulus magnitude
according to the Weber-Fechner relation,

n
E:cln(go)7

where ¢ depends on the stimulus type [15]. Accordingly, the controller applies
component-wise lower bounds to the commanded force and moment components so
that the rendered cues remain perceptible and are not dominated by quantization
and friction effects. Moments are expressed consistently with the handle geometry
by relating them to an effective grip moment arm.

3.2 Design of the control concept

To highlight the benefits of the proposed approach, four DoF's of the joystick are
used to enable an intuitive human-machine interaction. A standard 2-DoF joystick
typically provides two rotational inputs about the z- and y-axes. The proposed
joystick allows flexible DoF allocation: some DoFs command the manipulator,
while others render vehicle-state haptic cues.

In the conventional 2-DoF concept, the desired joystick pose is the origin,
x = 0. The operator feels only a linear centering spring characteristic, i.e., no
active forces are rendered. The manipulator is controlled using coordinated rate
control: the joystick rotations are mapped to end-effector velocity commands,

Tmanip = Ka, : /Bjoy and Ymanip = Ky * Qjoy

where K, and K, are parameters determined by the manipulator inverse kinemat-
ics. The proposed concept uses a different mapping. Here, the joystick translations
in x and y are mapped to the manipulator velocity commands,

. " . *
Tmanip = Kgg * Tjoy and Ymanip = Ky * Yijoy s (63“)

where K and K again depend on the inverse kinematics. In addition, two rota-
tional DoF are set by the automation to represent the current vehicle velocity and
steering angle,

Bjoy = Ay veh * Uveh; and Yoy = K(Svch . 6veha (73)
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thereby providing the operator with a haptic indication of the vehicle state. The
remaining DoF have the same desired values as in the conventional concept,
[Tioy, Yioy, Zioy, Ajoy] = [0, 0, 0, 0]. The mapping of the proposed concept is il-
lustrated in Fig. 2.

3.3 Feedback Force Generation

The following subsection summarizes the proposed force-feedback generation method.
The key motivation is that rendering stiffness and force feedback (FF) purely from
motor-side quantities can reduce usability, since the resulting force levels can vary
significantly with direction.

To avoid this, the joystick is treated as a single system and a Cartesian wrench
F is defined from the current tool center point (TCP) pose ;s toward a config-
urable rest pose x4.s. The wrench consists of a force vector and a moment vector
applied at the TCP. To obtain trajectories that feel natural, the concept follows
curved paths by defining a next pose .+ on the TCP trajectory and render-
ing forces tangentially along this path. Thus, the Cartesian force and moment are
computed as

Tnext,pos — Lis,pos
F:L’yz = (kl + ko dees,pos - xis,pos”) ” - and (8)
Hxnext,pos - xis,posH

Ldes,orient — Lis,orient
Tupy = (kS + ky ||xdes,0rient - xis,orient”) ) 9)
||xdcs,oricnt — Tis,orient ||
where k1, ko, k3, and k4 are tunable stiffness parameters for the force and moment
components, respectively. Both components are combined into the wrench

_ (Tapy
T = (Fzyz) , (10)
which is applied to (5).

4 Simulator Integration and Results

4.1 The simulator of the MM

The joystick operates a large MM system. Vehicle dynamics follow [17], and the
hydraulic manipulator model (four cylinders, four arm segments) is based on [18].
The operator commands end-effector velocity, which is converted to joint inputs via
inverse kinematics. The simulator includes a GUI that displays an offline-computed
manipulator reference trajectory for the operator to track. Using the proposed
joystick, the operator attempts to follow the reference trajectory as closely as
possible. The simulator runs in real time on a standard PC, and the joystick is
connected via a microcontroller that handles the kinematics and FF computations.
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Fig. 2: Stewart-platform joystick mapping: translations command the manipulator, ro-
tations present vehicle state as haptic cues.

4.2 Result and discussion of the compensation

The main result of the compensation is the linear force-feedback characteristics
of the joystick. Fig. 3 compares force-displacement curves obtained with motor-
space stiffness (old concept) and with the proposed Cartesian-wrench compensa-
tion (novel concept). The compensated measurements closely follow the desired
linear spring behavior, whereas the uncompensated curves exhibit kinks and de-
viations at large displacements. The working space is comparable to conventional
joysticks: translation ranges of 260 mm in X/Y and +45 mm in Z, rotation ranges
of £50° in pitch/roll and +40° in yaw, with full force/torque rendering over ap-
proximately 10 cm translation and 15° rotation at a maximum of 1.5 N m per servo.

Several factors influence the measured profiles beyond the control law itself.
First, the two concepts were recorded over different displacement intervals: with
motor-angle stiffness, the configuration-dependent transmission can cause rapidly
increasing grip forces, restricting a sweep range due to too high forces, whereas the
Cartesian-wrench approach specifies stiffness at the grip and thus permits a larger
workspace. Second, slight offsets around the neutral position are expected due
to assembly tolerances and load-dependent friction; these should be mitigated in
future work. Since the displacement was increased manually during the measure-
ment, small fluctuations occur near the end of the operating range; these can be
improved with advanced signal filtering. A conclusive comparison will include ad-
ditional quantitative metrics over a common interval to separate controller effects
from measurement and hardware artifacts. An additional benefit of the current de-
sign lies in the cost efficiency compared to the other state-of-the-art 6-DoF haptic
devices, see e.g. [19].



Feedback Forces |N

5

5. CONCLUSION AND OUTLOOK 7

Maximal Feedback Forces

30 T T T T T T T

m— (Old Concept
70l Novel Concept

wt
(=)
T

s

-30 -20 -10 0 10 20 30 40 50

=
(=}
T

|
Lo
S

Displacement in mm

Fig. 3: Force-displacement characteristics after compensation

Conclusion and outlook

This paper presents a novel six-DoF joystick for controlling large mobile manip-
ulators. The joystick uses a Stewart-platform mechanism, and its kinematics are
solved using closed-form inverse kinematics and an iterative forward-kinematics
approach. A compensation method is developed to provide linear FF to the oper-
ator. The joystick is integrated into a simulator of a large MM, and two control
mappings are implemented. Initial tests demonstrate the feasibility of the approach
and highlight its potential for improving operator performance and comfort.
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