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Abstract. Continuum and soft robotics showed many applications in medicine
from surgery to health care where their compliant nature is advantageous in mi-
nimal invasive interaction with organs. Stiffness control is necessary for chal-
lenges with soft robots such as minimalistic actuation, less invasive interaction,
and precise control and sensing. This paper presents an idea of scale jamming
inspired by fish and snake scales to control the stiffness of continuum
manipulators by controlling the Coulomb friction force between rigid scales.
A low stiffness spring is used as the backbone for a set of round curved scales
to maintain an initial helix formation while two thin fishing steel wires are used
to control the friction force by tensioning. The effectiveness of the design is
showed for simple elongation and bending through mathematical modelling,
experiments and in comparison to similar research. The model is tested to con-
trol the bending stiffness of a STIFF-FLOP continuum manipulator module
designed for surgery.
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1 Introduction

Fabrication of variable stiffness material [1] and also variable stiffness soft manipula-
tors, mostly designed by inspiration from octopus arms [2], and wearable robots have
been widely investigated recently. They have numerous applications specially in soft
surgeries where their deformable structure is beneficial to improve manoeuvrability,
control and sensing [3], with less invasive interactions with organs [4-6].

The idea of jamming has been used in stiffness control through increasing the fric-
tion. Granular jamming has been utilized in design of flexible manipulators [4], [5]
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and also variable stiffness joints [4], [6]. As an instance, Cheng and co-workers [4]
have obtained a wider stiffness range than Jiang and co-workers [5] through granular
jamming for a soft manipulator. J. Santiago and co-workers [7] presented a new scaly
layer jamming design with a wire driven actuation method without any pneumatic
actuation which shows some improvements in smaller design possibilities. However,
granular jamming apparatus is too bulky and not appropriate for wearable applica-
tions. The hysteresis loss is also inevitable in this kind of jamming. On the other hand,
layer jamming, although suitable for wearable purposes, has the problem of design,
fabrication and modelling because of their multilayer structure which is necessary for
the manipulator to resist buckling and the long flap length which is required to
achieve large deformations [8], [9].

The layer jamming design proposed by Kim et. al. recalls the bird feathers and con-
trols normal tension due to bending to maintain the stiffness [9]. In this research, a
new simpler design inspired by the role of scales in flexural stiffness of a real fish and
snake skin presented [10]. Scales with jagged contact surfaces presented here are
capable of stiffness control through jamming that resists the backbone coil torsion
shear force with very low hysteresis (Fig. 1). Placing the scales on a helix backbone
guarantees their end-face-to-face contact even in large deformations despite their
small size. Here, we have used cable tension as in catheter navigation systems [11] to
engage the scales and increase the friction. However, to our best knowledge, a design
combining these ideas was not previously investigated for stiffening purposes in ro-
botics. To model the scaled helical spring, the theoretical background already existing
for the helical springs under eccentric loadings [12], [13] is used.

‘ * STIFF-FLOP setup
Manipulator base, light trackers
and penumatic connections
* Penumatic continuum module
* Scale jamming interface
* Trocar
* Insertion point
__* Training phantom

Fig. 1. STIFF-FLOP continuum manipulator with scale jamming for surgery (top), the helix
like formation of scales in a fish [10] (down)

We showed that a continuum manipulator arm can be inserted in the designed
scaled spring for stiffness control purposes (Fig. 1). Here, we have used a single
module belonging to STIFF-FLOP manipulator, designed for surgical applications
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[14], [15], inside the spring, to verify the stiffening property of the scales in bending.
The module uses a set of Mckibben pneumatic actuators to achieve constant curvature
bending in different directions. An alternative setup to test the proposed design in
future is a tendon deriven shrinkable soft manipulator developed by F. Maghooa A.
Stilli, et. al. where the manipuletor elongation is as important as its bending [16][17].

In this paper, a simple mathematical model is presented considering the elastic be-
haviour of the spring and the scales and LuGre friction model. The model is verified
through experiments in simple elongation and bending tests. To test the bending stiff-
ness a STIFF-FLOP module [14] is used to show the effectiveness of the idea. Final-
ly, the advantageous of the proposed design is addressed in comparison with similar
recent research.

2 Modelling

A simple piecewise static model is derived using the Castigliano’s theorem to model
the jammed and moving states of the scale jamming, once under external force pure
tension (f,) as in Fig. 1a-c and once under external momentum pure bending (z.) as in
Fig. 1d, e. Spring has a rectangular cross section (wxh) and the wire length (l), lead
angle (y) and the nominal diameter of the spring (d;) considered to be fixed, and the
lead angle changes are small and neglected. The stresses due to pure normal and shear
forces are neglected since their effects are small compared to the torques effects [12].
Model parameters are presented in Table 1. The jammed scales behave similar to a
rigid spring up to a breaking point related to their normal force (f;) (elastic phase) and
cause Coulomb friction damping afterwards as they move relatively (plastic phase).
The scales jam again and behave like a spring if the external force reduces but the
jammed state initial length (/o) should be updated during the plastic phase. The scales
damping effect is modelled as a force (fi.) opposing the external force and the spring
deformation. The jagged surface slope angle (&) should be considered to calculate the
breaking force and cancels the hysteresis at the end of a full return cycle ideally.
However, a small hysteresis due to backlash between the slopes is observed and mod-
elled by correcting the breaking force limit for the return half cycle equal to 2fc,
where fcy, = 7epfitt/ds 1s the base Coulomb friction force.

Pure Tension

For the pure tension, the spring coefficient (k;) can be derived based on Castigliano’s
theorem as in [12][13] and the LuGre friction model is used to calculate the Coulomb
friction torque (zc) due to scales’ relative slip velocity (v) [18].
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Fig. 2. Model parameters for pure tension (a-c), pure bending (d, e), and scale curvature (f) and
forces on contact jagged surface (g).
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where [, is the spring length and ; is its deformation rate, ru is the effective radius
and as is the scale surface area, v is the strain energy due to torsional torque (t), / is
an indicator determining the slip condition, C¢ is the Coulomb friction coefficient
based on LuGre model, f; and f; are the forces acting on the jagged surface due to tor-
sion and wire tension respectively, fs=2.rer.fi.Us/ds is the limiting static friction,
je=wh(w™+hH/3 and jo=m(r,*- r*)/4 are the polar moment of inertia for the wire and
scales.

Pure Bending

Assuming a constant curvature bending of the spring axis with constant (/=) under
uniform external bending moment (z.) caused by an external force (f;) at its end in
which is similar to the case of having a constant curvature soft manipulator insides the
spring. Here, 0 is the spring bending angle and 6’ is its time dependant rate, ¢ is the
coil twist angle, 7, and 7, are the torsional and bending torques respectively, zc, =
Tettfi-ite 1 the base Coulomb friction torque, zs= rer.fi is the limiting static friction
torque Is=wh3/ 12 and Isc=n(r04- r,-4)/2 are the cross section area moment of inertia
along the principal radial axis. Here the breaking occurs only in scales at p=nm posi-
tions. i and f; are derived as in Eq.s 4 and 7.
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Table 1. Modelling Paramaters and Simulation and Experimental vaslues

E;: Spring wire Young modulus, 60.7 [GPa]

G, Spring wire Shear modulus, 23.8 [GPa]

E,.: Scales Young modulus for experiments, 1.28; for simulation, tension: 5.39,
bending: 0.15%5.39 [GPa]

G,.: Scales Shear Modulus for experiments, 0.32; for simulation, tension: 1.33,
bending: 0.15%1.33 [GPa]

w:  Cross section width, 1.2 [mm]

h:  Cross section height, 0.2 [mm]

lp:  Spring initial length in tension, 17.1 [mm]

lp:  Spring initial length in torsion, 35 [mm]

dy: 1nitial mean diameter, 38.2 [mm)]

vo: Initial helix angle, tension: 87.3, bending: 94 [deg]

n.: Coil turns, tension: 3, bending: 5

¢s: Scale curvature angle, 30 [deg]

ng.: Number of scales, 2n.1/p.

ro:  Scale end surface outer radius, 2.35 [mm]

ri:  Scale end surface inner radius, 0.8 [mm]

Us:  Static friction coefficient, 0.03

Ue: Coulomb friction coefficient, 0.01

vo:  Stribeck velocity, 1e-4

os.  Viscosity coefficient, -2e-3

ro:  Module bend curvature initial radius, for initially straight 1000, initially bent
30 [mm]

6o. Bend curvature initial angle, //r,

a:  Jagged surface slope angle, 50 [deg]

r.. External force action radius in bending, 50 [mm)]

og: STIFF-FLOP module viscosity coefficient, -2e-2

kg: STIFF-FLOP module stiffness constant, 33.8 [N/m]

t: Simulation and Experiment cycle time, 120 [s]
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3 Numerical Simulation

Parameters for the numerical simulation are considered based on the experiment mea-
surements with some modifications. A sinusoidal cyclic movement is considered as
follows for [ in tension and x. in bending, with a=1 [cm] for tension, 7.5 [mm] for
bending without initial curvature, and 5 [mm] for the bending with initial curvature.

lsor x, = a(sin(2nt/t; — m/2) + 1), (19)

A simple spring-viscous damper model for the STIFF-FLOP module is considered
as follows which should be added to 7. in Eq. 18. The parameters are identified expe-
rimentally.

Tp = rkgx, + 050, (20)

The simulation results for the fully jammed state show good agreement with the
experimental results for the pure tension (Fig. 3), pure bending with initial curvature
(Fig. 4) and bending with initial curvature (Fig.5). The simulation can predict the
breaking point and hysteresis in the full cyclic actuation as well as the stiffness coeffi-
cient for the jammed and moving states with good accuracy (Fig. 3-5).

* Gearbox motor
Tensioning mechanism.
* Spring and ruler
wire tension.

Fig. 3. Experiment setup, pure tension (up) and bending (down)
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4 Experiments

A curved scale with circular cross sections is designed with a hole to pass the tension
wire and 3D-printed. Both end surfaces jagged to increase the static friction while the
coulomb friction is relatively low for a 3D printed part material. The experiment setup
design is shown in Fig. 2 for the tension and bending experiments respectively. Fig. 3
and 4 show 40% increase in the blocking force in both tension and bending. There is a
small change in stiffness constant for tension case but it is increased up to 40% in the
bending test. Fig.5 shows the scales can fix the STIFF-FLOP module and block up to
0.6 [N] external force for ry=30 [mm]. Fig. 6 shows up to 350% increase in stiffness
and blocking force for antagonistic jammed state where the scales are jammed while
the module chamber is pressurized which is significant. This is more than the linear
summation of the system payload capacity without one of the jammed scales or inter-
nal pressure which emphasis on the antagonistic behaviour role. The results are fil-
tered using a Moving Filter in Matlab software.

Mo tension Exp.

of ——— Jammed E}{p .............. ............ .
=== Jammed Sim. . . 4
=20 -1 -10 -5 ]
Al [mm]

Fig. 4. Experimental and simulation results for pure tension with jammed (10N wire tension)
and unjammed scales

0.8
. 0B
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oL g Mo tension Exp.
- Fo : ———Jammed Zim.
0.2 L
a 5 1a 15
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Fig. 5. Experimental and simulation results for pure bending of a straight module with jammed
(1.5N wire tension) and unjammed scales
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Fig. 6. Experimental and simulation results for pure bending of a bent module in jammed (1.5N
wire tension) and unjammed scales
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Fig. 7. Experiment results for antagonistic stiffening in pure bending for jammed (1.5N wire
tension) and unjammed scales, and linear combination of scale jamming and pressurized mod-
oule

5 Results and Discussion

The scale jamming in bending shows higher deformation rate (Ax./l=0.428) than
granular jamming by A. Jiang et. al. (=0.25) [5] and layer jamming by Kim et al.
(=0.05) [9] and acts linearly in the whole deformation region while the deformation
rate in the linear region for the later works are 0.18 and 0.01 respectively. The ratios
of load capacity to initial length in the linear region are 28.6, 50 and 5 respectively
which shows the scale jamming advantage over layer jamming. The granular jamming
is better in terms of payload because of its bulky design. However, the scale jamming
is better in terms of wearability, hysteresis and the ratio of achievable stiffness to
device weight. The simulation results are in good agreement with the experiments;
however, a more precise model considering the tensioning wire elongation and twist
and the backlash between the jags is needed to achieve a model with a unified set of
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parameters. Further studies on the jags shape and size as well as testing alternative
tensioning mechanisms are needed to design a better implantable interface for real
applications.

6 Conclusion

In this paper a new method inspired by fish scales is proposed to control the stiffness
of the STIFF-FLOP continuum manipulator for surgery. The scale jamming is based
on controlling the torsional shear force in a helical spring cross section with small
rigid scales which reduces the weight, volume and complexity. The jagged contact
surface reduces the hysteresis and increases the linear behaviour range. The results
show that scale jamming provides promising opportunities for stiffness control for
soft robot manipulators for minimal invasive surgery.
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