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1 Introduction

Human motor control is a dynamic interaction of the
neuronal system with the musculoskeletal characteristics.
Computer simulations of arm movements show that spinal
circuits may exploit the force-length-velocity characteristics
of muscles to achieve fast and accurate goal-directed con-
trol [1, 2]. Thus, to study low-level human motor control,
it is necessary to adequately represent the musculoskeletal
characteristics [3] — especially in bio-inspired robots used
as tools to study motor control.

The research objective of this study is to transfer such
control concepts to a bio-inspired arm robot with an approxi-
mate representation of musculoskeletal characteristics to ex-
amine human control concepts and neurological disorders.
Here, we demonstrate that the approximation is sufficient to
be exploited by the spinal controller to reproduce human like
movements in the sagittal plane with gravity.

2 Methods

2.1 Experiments
A healthy subject was seated in front of a vertical canvas

at a distance of 50% of their arm length. Markers appeared
randomly on a vertical line on the canvas. The subject was
instructed to point to the markers fast, but precisely (Fig.1
a). The participant provided written informed consent prior
to participation. The study was approved by the ethics com-
mittee of the University of Tübingen.

Movements were recorded with a 12 camera motion cap-
turing system (Vicon Motion Systems Ltd, UK) with 120 Hz
using a 30 markers marker set. From the markers, shoulder
and elbow angles were reconstructed [4].

2.2 Hardware design
The robotic testbed (Fig. 2b) [5] is based on a muscu-

loskeletal model of the upper extremity. Two hinge joints
driven by five (four mono-articular and one bi-articular)
compliant actuators enable movement in the sagittal plane.
Each actuator consists of a pneumatic muscle (FESTO) and
a spring which grants compliance over the whole range of
motion [6]. The muscle’s lever arm in the elbow joint de-

a) b)

Figure 1: a) Representation of the experimental setup. Us-
ing a motion capture system elbow and shoulder angles of
fast goal-directed pointing movements were captured. Dis-
tance between the pointing positions varies between 7.5 cm
for small movements up to 30 cm for large movements. b)
The robot is actuated by pneumatic muscles (FESTO). Lin-
ear sensors in parallel to the muscles (small blue tubes visi-
ble in the trunk) mimic muscle-spindles.

pends non-linearly on the joint angle and mimics the bio-
logical lever arm. Linear sensors in parallel to the pneumatic
muscles provide length feedback similar to muscle spindles.
The neuronal controller is implemented in a hardware-in-
the-loop approach (Matlab/Simulink Realtime Desktop).

The key characteristic of this bio-inspired robot is—in
analogy to the human musculoskeletal system—that for a
given constant set of muscle stimulations/pressures uopen,
the arm will reach a static equilibrium posture (EP) which
is passively stable against external perturbations.

2.3 Controller
The bio-inspired hybrid equilibrium point controller

[1, 2] exploits muscle characteristics by combining a feed-
forward command with spinal feedback on muscle fibre
lengths. The total motor command ui for each muscle i is
calculated as

ui(t) = uopen
i (t)+ kp(lCE

i (t−δ )−λi) , (1)
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Figure 2: Schematic diagram of the control model. The mo-
tor command u is a sum of an open-loop and a closed-loop
signal. The time-delayed feedback loop incorporates pro-
prioceptive feedback (mono-synaptic reflexes) by compar-
ing the actual muscle fiber lengths lCE(t) to desired values
λ .

Table 1: Equilibrium postures used for the movement
shown in Fig. 3 consist of shoulder and elbow angles ϕs and
ϕe, respectively

EP Time [s] ϕs [deg] ϕe [deg]
1 0 31 59
2 0.6 73 62
3 0.77 72 51

where kp is a feedback gain and δ is set to 10 ms repre-
senting a short-latency reflex delay.

The open-loop part uopen
i (t) represents an intermittent

control representing the equilibrium postures. In the case
of a vertical movement upwards along a vertical screen, the
human movement can be reconstructed by selecting three
equilibrium postures (EP) (Tab. 1). The first EP represents
the initial posture, the last the target posture. The intermedi-
ate EP is only selected for a short time (0.17 s) and is neces-
sary to retract the elbow — otherwise, the finger would pen-
etrate the screen. Switching times between EPs were tuned
manually. The emerging control signals were dominated by
the open-loop control and modulated by the feedback.

3 Results and Conclusion

The controller can reproduce human-like movements on
the bio-inspired robot (Fig. 3). Thereby, the spinal controller
exploits the musculoskeletal like characteristics of the robot
actuation. The open-loop part of the controller relies on
the stable equilibrium positions achieved by constant mus-
cle stimulations/pressures. The mono-synaptic spindle re-
flex then shapes the dynamic evolution of the trajectory.

In conclusion, if the hardware characteristics of a robotic
system represent the relevant biological characteristics, the
same control concepts can be applied and similar movement
characteristics can be achieved.
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Figure 3: Trajectory of human (shown here only the ex-
emplary trajectory used to derive the control parameters,
dashed red) and robotic movements (16 repetitions, solid
blue). The shoulder angle goes directly to towards the target
angle, while the elbow is first flexed and then extended to
avoid contact with the flat screen.
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