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SCIENTIFIC BACKGROUND
The human arm is a notable mechanical mechanism for its ability to perform a great variety of tasks. Although slower, weaker and less accurate than high-performance robots of
today, the human arm is without equal in terms of versatility, robustness and gracefulness. The key characteristic of these last properties may be attributed to the mechanical
properties of the muscle themselves and the strategy used to control them. A pair of muscles powering the human joint in antagonistic configuration provides the peculiar
characteristics of the so-called ‘equilibrium point hypotheses’ for human motor control [1,2,3]. Since muscles have a natural stiffness and viscosity that varies with the muscle
activation level, the Central Nervous System (CNS) can generate stable equilibrium postures, towards which the arm is attracted, by properly regulating the activation levels of
antagonistic muscles. Moreover, the CNS can generate stable posture and even movements in absence of sensory feedback, by shifting the equilibrium point [4]. By co-activating
antagonistic muscles in parallel, the mechanical impedance (i.e. stiffness) can also be regulated.
r The NEURARM Platform: a robotic model of the human arm )
Table 1: Human arm vs. the NEURARM functional features ) . . o )
HUMAN ARM NEURARM The NEURAM Platform (F!g. 1) is a functionally bio-inspired
Muscles (non- Hydraulic pistons working with non- I‘.ObOtIC. arm develOpeq tO.. i )
linear actuators) | linear springs connected on the cable [ investigate neuroscientific hypotheses on human motion .
. ] . - - \ e - - [y N I -
Ag;)nlzt andta_gomst Agonist-antagonist driving cables control stratgg!es, !lke the equnlbrlum.pomt hypoth.e5|s ; ;?lerlgge:r
endon driven O test new bio-inspired control strategies for robotic artefacts
Tendons fixed on I\)Ngag?gsflg;;tlggsth e joint (shoulder) closely intera_cting with humans for _rehabilitation and assistive
the bones 2) cables fixed on the link (forearm) purposes (i.e. prostheses, active orthoses, wearable
Tunable exoskeletons).
contraction force | Clectro valves and pressure sensors  Tha NEURARM Platform [5] is a 2 link=2 degrees of freedom
Muscle spindles (DoF) planar robotic arm that mimics the main functional
(stretching Linear potentiometers on the pistons futures of the human upper limb (Tab. 1).
Joi::::::)tors The NEURARM has its link masses and inertia similar to those of
(angle Seniors) Angle sensors on the joints the European standard man and it is powered by a remote
Golgi tendon hydraulic actuation. Each NEURARM joint is actuated by two
organs (tension driving tendon cables acting on a pulley in an antagonistic L
sensors on the Load cells on the cables configuration Fig. 1: The NEURARM Platform
L tendons) ) )
r The non linear elastic element ~
Static Characterization
The non-linear elastic element (Fig. 2) is a critical component in the NEURARM o
transmission for the joint stiffness regulation. It has been designed to mimic the 20 Numerical model for fitting
static non linear force-elongation characteristic of the human muscle-tendon T =A-Al2+B-Al
complex [6,7] and to obtain a resulting joint stiffness range comparable to that of ;’"'
the human elbow and shoulder [8]. gm
The non-linear elastic element obtains the desired force-elongation curve thanks to mm
the combined action of (Fig. 3): 2
0 a kinematics function: non linear relationship between the displacement of the o A=03220.0023] N/ mm’]
cable (Al) and the elongation of the spring (Ax); o . . 523"‘1?0'0651“/ mm 35
Q a force transformation function: the spring force is transmitted to the cable in a P
non linear manner, thanks to a cam mechanism. s
In detail, the working principle of the mechanism is described in 5 steps: 250}
_ Q the steel cable is wrapped around a reel, which is fixed with a cam; 7
Fig. 2: The non-linear elastic element Q the cam transmits the force and the movement to a bar, by means of an idle  _
wheel, used to minimize the friction; g 150
i Q the bar is hinged down on the frame, and on its opposite extremity is connected ~ |
_"/ asmsne L0 the tension spring, that is fixed to the frame;
O a displacement (Al ) of the cable rotates the reel and therefore the cam; sor
B QO the cam moves the bar through the idle wheel, and so the spring is stretched. 5. . . . . .
e whec The non-linear elastic element force vs. elongation behaviour has been elongation [mm}
characterized both in static and dynamics conditions. The static analysis pointS The static curve was obtained by displacing the
i out that for an antagonist joint, whose pulley radius is 0.03 m, the theoretical ??:Ila?e ?:rt::"a‘;tgutfergz;l :::eo ;‘;Stli":)gtol’;;ifrn':
Fig. 3: Working principle of the non- stiffness range, as described in [9], Is 6.22_-35.1 Nm/rad, compa)rable tO_ that of  (ith 1 mm step) and recording the cable
linear elastic element the human shoulder and elbow moving. It is possible to customize and increase  force at steady state. The static
this interval simply changing the tension spring in the non linear element :L‘:tri:tcigl'szgs;as repeated 10 times for
mechanism with a stiffer ones. The dynamic analysis shows that the non-linear The d _p : T btained b
elastic behavior is little affected by velocities: the maximum hysteresis was of T G Ere s o A e oveles for &
18.34 N, which corresponds approximately to 6% of the force at maximum different elongation velocities in the range 10-
elongation. The force-elongation characteristic is anyway well approximated by :103)’"’“/“““ (elongation range equal to 0-25
the static numerical model. :
. J
e The bio-inspired variable stiffness antagonist joint ~N
OPEN LOOP CONTROLLER
8=0 Two non-linear elastic elements were preliminarily integrated on the shoulder joint of the &, | | ... .. | Xo7F
The NEURARM NEURAM platform. The joint actuation scheme (see Fig. 4) is based on two driving | relation > gt el
e tendon cables acting on a pulley, by means of Bowden-cables, in an antagonistic x | — X | e
configuration. Each driving cable is powered by a contractile element (hydraulic piston) > Mathermatical >
o in series with a non-linear elastic element and a four-times piston stroke amplifier.
The open loop controller is based on a two levels hierarchical architecture, as illustrated X X
in Fig. 5. The high level controller converts the desired joint position 0, and
stiffness level Ky in the two hydraulic piston desired positions Xg y ges @aNd Xexr ges- LOW LEVEL CONTROLLER
The joint stiffness is regulated by an equal deformation of the antagonistic non-linear e o e [P

actuatio ock:

springs (that mimics the antagonistic muscles co-activation), as resulting from a & X
common variation X.gy of the piston positions Xg y and Xgyr. T
The joint position is regulated by displacing the hydraulic pistons of the same quantity but
Xet [ e [|[]] Xes in opposite directions (that mimics the shift of the joint equilibrium position as resulting
‘ ‘ from a differential antagonistic muscles activation), i.e. to increase © it is need to Krx || X
HvoRAuLIC decrease Xqy and increase Xz The low level controller is a closed loop position NEURARM
e T e controller that permits the tracking of the desired piston positions Xg x ges aNd Xexr des JoNT | 2
_ o [9]. Instantaneously, the positions X, and Xg; determine the joint equilibrium angle .
Fig. 4: The NEURARM shoulder joint external environment

©gq. The open loop controller was characterized both in static and dynamic conditions.

actuation scheme Fig. 5: The open loop EPH based position and

Shoulder joint torque field stiffness control
A Step Response Sigmoidal trajectory Table 2:
. | | | 80 | ‘ | | Dynamics identification
= | i | | | |
75t 1 60 l N l l 1 [ Xeom | fo | T | RMSE
g, | | | | | [mm] | [H2] [deg]
g | | | | 1[0 J206]0181] 216
o 3L =0[mm]| | | | | |
83 -1t w w w w w || 1 [226]0190] 186
= o g | 7 y | | |
=3[mm] S A [/ N e R fe— Bges 5 v ‘ ‘ X =olmm 2 2510203 | 1.89
=4[mm] — o — }/_ i i coMm [mm]
1 =5(mm]| | D A /. xe“ =0 [mm] @ /l _,."' | | Xcoym = 1[mm] 3 2.77 | 0.210 1.78
coM - | | X =2[mm]
0 15 20 25 % Xooy = (mm] / ; ; 3 mm) 4 |295|0224| 181
angular displacement |6-6 | [deg] Xcom = 2[mm] | | X_ . =4[mm]
. L . o ) | | — Xcom 5 |334|0265| 152
The static characterization was aimed to M om) | | —Xgo = 5[mm]
qualitatively investigate that increasing s omy | I B e
values of X , corresponding to a — ; ; ~Oes
theoretical gradual increasing of the joint ) 4 4.2 4.4 4.6 4.8 5 1 1.5 2 2.5
stiffness, determine variable convergent time [s] time [s]

torque fields at the NEURARM joint. ) . . . . . .
The different dynamic behavior of the joint at different stiffness levels was evaluated by a 30 deg step response. The NEURARM joint was

For a fixed equilibrium joint angle O modeled as a second order underdamped system, and the data collected were used to identify the transfer function G(s) = ©(S)/©4(s)

g\;;?‘a::lng:grsqettliglﬁtal])?nces R (Matlab® Identification Toolbox). The identification results showed that for the same desired trajectory 0,.(t), the increasing of the stiffness
causes both the characteristic frequency f, and the damping factor { of the system increase (Tab. 2). While an increasing f, determines a

The results show that as X,y increases the faster joint dynamic response, the increasing { causes the overshoot lowering [10].
NEURARM joint has an effective increase of

the stiffness The open loop controller was tested to perform a bell shaped velocity profile fast movement (peak velocity ~250 deg/s) too. Coherently, the

stiffness increasing determines a reduction of the overshoot and a faster response. High values of stiffness makes the joint able to perform
fast trajectories without overshoot even in open loop fashion, that is really human like [4].
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