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A compliant mechanism with variable stiffness achieved by
rotary actuators and shape-memory alloy

Adel Mekaouche, Frédéric Chapelle, Xavier Balandraud

Abstract The aim of this article is to study the
consequences of the active stiffening of a compliant
mechanism on the workspace created by the deforma-
tion of its structure. In connection with recent soft
robotics research integrating shape-memory alloys
(SMAs), the variation in stiffness over time is here
obtained by the thermal activation of a nickel-titanium
SMA spring. The workspace is created by the defor-
mation (in the strength of materials sense) controlled
by two rotary actuators acting on a structure compris-
ing two angled flexible beams. In addition to a natural
variation in the elasticity modulus of the SMA
component during its thermal activation, its shape
reconfiguration adds a structural deformation modify-
ing the workspace. The existence of a common area
between the workspaces of the mechanism corre-
sponding to the non-activated and activated modes of
the SMA is preserved. Several compliance maps are
determined from measurements using a laser tracker
targeting a given position of the loaded structure. The
impact of SMA pre-stretch on stiffness variability is
compared to that of a change in Young’s modulus.
Variations in the stiffness distributions between the
two modes reveal interesting properties (stiffness sign
inversion, anisotropy) for the future optimal design of
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compliant mechanisms with high versatility, associat-
ing the spatial positions of the effector with variable
stiffness values.

Keywords Compliant mechanism - Shape memory
alloy - Variable stiffness - Compliance map -
Experimental validation

1 Introduction

Compliant mechanisms are comprised of mechanical
structures whose flexibility is used as a support for the
generation of movements [1, 2]. The study of their
behavior has given rise to considerable interest in the
robotics community, for analysis/modeling [3-8] or
structural synthesis [9-16]. Among these studies, a
recent orientation concerns their potential for recon-
figurability [17], in particular from the point of view of
the variation over time in the stiffness distribution.
This is a different concept from the kinematic
reconfigurability of articulated machines using a
rearrangement of their connectivity or the mobility
of their parts. Technologies for variable stiffness have
been proposed in different devices:

e stiffness adjustment assemblies, mainly located at
mechanism linkages, such as in variable impe-
dance actuators [18]. These use elastic parts
integrated into conventional poly-articulated
devices,
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e techniques intended for soft robots: stiffening,
commonly used to lock a shape after the compliant
structure has conformed to the environment. This
stiffening can use various types of active materials
[19], including shape-memory alloys (SMAs). A
major advantage to choosing SMAs is the abun-
dant literature already available on the modeling
and control of their behavior [20-23]. Their
development within compliant mechanisms
[24-28] has resulted in the design of actuators
[29-33], mobile or inspection robots [34—-38] and
gripping components [39-42]. Examples of appli-
cations with variable stiffness can be found in the
literature for mechanism stabilization [43, 44],
vibration reduction [45, 46], integration in joints
[47, 48], active fibers (fabrics) or composites
[49-52].

As a contribution to the applications of SMAs, we aim
to make progress towards the possibility of defining
compliant mechanisms’ versatile operative tasks,
consisting of associating the spatial positions of the
effector with variable stiffness values for each posi-
tion. With respect to this mid-term objective and as a
first assumption, we want to show the feasibility of
varying stiffness over time in a consistent pseudo-
workspace (PWS) obtained by the segment deforma-
tion of a compliant structure. As in Ref. [53], we use
the notion of pseudo-workspace of a flexible structure.
It is similar to the position workspace of a poly-
articulated mechanism: they both correspond to all the
positions reachable by a given point of the structure
subjected to actuating forces. In the following, we use
the term pseudo to recall that the finite displacements
of the given point are obtained by deformation of the
flexible arms. Moreover, the notion of consistence is
defined by the need to have a common area between
the PWS corresponding to each different stiffness
value, the amplitude of variation being the widest
possible. The SMA spring integrated into its structure
makes it possible to change the stiffness at the effector
position by thermal activation, leading to a variation in
internal stresses and strains. The activation of the
variation in stiffness can therefore be accompanied by
an additional deformation of the structure, which
modifies this PWS and threatens its consistency. The
present study addresses the consequences of SMA-
driven stiffness variability on the compliant mecha-
nism’s PWS by using compliance maps.

The compliance maps enable the specific patterns
of the active compliance variation in the PWS to be
visualized. Compliance or stiffness maps are usually
used in poly-articulated mechanisms in order to
prepare the positioning of the objects to be manipu-
lated or to optimize trajectories in the static workspace
of a machine [54-57]. The second assumption we wish
to check here is the fact that these patterns carry
information that could not easily be included in an
equation. This will have an interest in the future by
using the maps as an evaluation tool in optimization
processes (not addressed here). We already started
moving towards this logic in a previous work for the
identification of the parameters of a poly-articulated
robot [58].

Following some preparatory studies showing the
value of this approach from numerical analyses
[53, 59], the present paper provides first experimental
results. Section 2 describes the constructed mecha-
nism, the properties of the used SMA component, its
operating mode, as well as the set-up to build
experimental compliance maps. Section 3 gives
details of the results obtained in terms of compliance
maps, their variation when activating the SMA
component, and provides a comparaison with the
results predicted by the model.

2 Materials and methods
2.1 Presentation of the compliant mechanism

Figure la, b shows the Catia model used for the design
of the device and a picture of the constructed physical
system, respectively. Two arms constituted a closed
kinematic chain in the vertical plane (x, Yy).
This demonstrator was designed to carry out a concept
study on a particular aspect of the functioning of
compliant mechanisms: the behavior of variable
stiffness over time obtained by an active material
within the pseudo-workspace created by the deforma-
tion of the arms. The structural architecture was
chosen to maximize the observation potential of
interesting phenomena with respect to stiffness along
the x and y axes, under a -y load (the SMA component
is oriented mainly along y). The arms were made of
thin steel beams and bent into their final angled shape
to increase flexibility. These beams were connected at
their upper ends by a revolute joint and attached to the
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Fig. 1 Mechanical structure designed and prototyped: a CAD
model, b physical demonstrator

frame with a connection to two rotary actuators
(servomotors). A SMA component was attached to
the extremities of one of the arms. This mechanism is
based on the concept described in our previous
numerical study [53]. Some adaptations were made
with respect to construction constraints (see Fig. 2):

e the actuators were controlled by angular position
setpoints. The scan was effected by varying the
angles 6, and 0p of the servomotors within
intervals [GAmins HAmax] and [eBmin’ HBmax]’

e the passive upper revolute joint located at point C,
acting as an effector, was an Arcane component
made of aluminum alloy. It was assembled with
the arms, unlike the numerical model where it was

represented by a point. This resulted in the
appearance of the geometrical parameter L, (see
Fig. 2b),

e the other differences concerned a reduction in the
demonstrator size: total height H' > H and total
width L' <L,

e the motor transmission system, detailed in Fig. 1b.

The position of point C of the non-deformed config-
uration was chosen as the origin of the base (x, y). It
can be remarked that if we model the flexibility of the
beams by two revolute joints positioned at the two
angled sections (angles 0 in Fig. 2, varying within
very short ranges), the structural deformation of this
compliant mechanism is equivalent to a 5-bar planar
mechanism with two degrees of freedom. Tables 1
and 2 provide the geometric and material parameters
of the mechanism and the characteristics of the
motors, respectively.

2.2 Presentation and characterization of the SMA
component

The SMA component between points A and C (see
Fig. 2) consisted of a nickel-titanium (Ni—Ti) spring
provided by Nimesis Technology (France), and two
synthetic fiber wires, attached one at each end of the
SMA component. These wires can be considered as
inextensible with respect to the deformation of the
SMA spring. The mechanical properties of SMAs are
due to a reversible phenomenon of solid-solid phase
transformation driven by stress and temperature. The
reader is referred to Refs. [20-22] for a general
presentation of these materials. Briefly, the “high
temperature” and “low temperature” phases are
respectively called austenite (A) and martensite (M):
see the phase diagram in the stress-temperature plane
in Fig. 3. A given SMA is thus characterized by four
transformation temperatures:

e austenite-start (As) and austenite-finish (Af), which
are respectively the temperatures of the beginning
and the end of the M — A transformation (corre-
sponding to the memory effect),

e martensite-start (Ms) and martensite-finish (Mf)
for the reverse transformation A — M.

It should be noted that the crystallographic network in
the martensite phase can have different orientations in



Fig. 2 Schematic view of
the device: a corresponding
to the numerical analysis in
Ref. [53], b modified due to
construction constraints
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Table 1 Geometric and material parameters of the albes MEA M4
demonstrator p—
Parameter Value Martensite (M) // // Austenite (A)
Total height, H' 320 mm I amllsicm Mf Ms As AI' .fempe’mmre:
Total width, L' 320 mm
Arm width (in z direction), / 30 mm - _ —
Arm thickness, e 0.8 mm Self-
Arm folding angle, 0 150° accommodating i  Austenite .
. . martensite E E crystallographic

Width of upper revolute joint, L, 22.5 mm o structure: cubic
Material of upper revolute joint Aluminum alloy
Material of flexible arms Steel

Toree force

-— —

HcaLin.u : Return to initial shape
? T (austenitic state)

Table 2 Specifications of the two servomotors at A and B (see

Fig. 2) Oriented 2
- - . martensite @

Specification Description

Type Dynamixel RX-64 ffifge.c_? Simplified SMA state diagram, and steps of the memory
Reduction ratio 200:1

Operating voltage 12-18.5V space with respect to the austenite crystal, correspond-
Stalling torque 53Nm(at 18.5V, 2.6 A) ing to several so-called martensite variants. Two cases
Starting current 21A can be distinguished:

No load speed 64 rpm (at 18.5 V) h he diff . . 1
Minimum angle 029° % 1024 e when t.e i erlelnts\ll\a;lrzmtls1 are present in deciua
Operating range Actuation: [0°, 300°] proportions in the , the macroscopic defor-

mation is close to zero with respect to the
austenitic shape at zero stress (considered as the

Wheel: continuous rotation

Material Full metal gear, plastic body . L .
. . reference configuration). Such a martensite is said
Dimensions 40.2 mm x 61.1 mm x 41 mm .
) to be self-accommodating,
Operating T° 5-80 °C

e the stretching of the SMA sample is accompanied
by a change in the proportions of martensite
variants, leading to a macroscopic deformation,




which is maintained when unloading the sample.
Such a martensite is said to be oriented. A return to
the austenite phase by heating causes a return to
the initial shape of the SMA, corresponding to the
so-called memory effect.

We used the SMA spring only in its linear elastic
responses: either purely austenite, or a fixed marten-
sitic state after pre-stretching (linear portion of the
force-displacement curve, as in Fig. 4). By fixed
martensitic state, we mean a given level of oriented
martensite. Table 3 provides the dimensional,
mechanical and thermal parameters of the SMA spring
used for the demonstrator. Ambient temperature for
the tests was about 20° C. The SMA was thus fully
martensitic at ambient temperature as Mf > 20° C.
The full self-accommodating martensitic state was

Activated SMA Non-activated SMA
3 (austenitic state, at (martensitic state, at
high temperature) ambient temperature)
2.5 i
=
Z 2
=
=
o 1.5
o
S
= 1
i
0.5 i )
) Knmr-ac.r i Kﬂoﬂ—n‘t‘i‘

i Al oo '

0 8 10 15 20 25 30 35
Displacement (in mm)

Fig. 4 Force-displacement curve of the SMA spring in

martensitic state (non-activated state, i.e. at ambient tempera-

ture) and in the austenitic state (activated state, i.e. at high
temperature)

obtained by first heating the spring above Af (full
transformation to austenite) and returning to ambient
temperature without any load applied to the spring.

To complement this information on the SMA
spring, we performed stiffness characterization tests
using a uniaxial tensile machine for each of the two
states of the SMA (martensitic and austenitic). A
direct current heating power supply was used to heat
the SMA spring. The voltage and the current were
equal to 24 V and 3 A, corresponding to an electrical
power passing through the SMA spring of 72 W. This
power was sufficient for a total transformation from
martensite to austenite within a few seconds. Load-
unload traction tests were force-driven with a maxi-
mum value of 2.5 N. The cycle time was set at 30 s,
giving a speed V), of 0.166 N/s. Figure 4 shows the
force-displacement curves obtained:

e in the activated state (> 70 °C, i.e. in austenitic
state), the mechanical response (force versus
displacement) was elastic and linear, with a
stiffness K,.; = 0.308 N/mm,

¢ in the non-activated state (at ambient tempera-
ture, i.e. in martensitic state), a stiffness K, —qer =
0.166 N/mm was measured. As expected, stretch-
ing was accompanied by the appearance of
oriented martensite: see residual displacement at
the end of the mechanical cycle. The free length of
a spring is defined by its length at zero force (i.e.
without any external force). We note that this
length is directly related to the proportion of
martensite variants, corresponding to the shape
taken by the spring when loaded and unloaded at
ambient temperature. Additional tests were carried

Table 3 Dimensional,
mechanical and thermal

characteristics of the Ni-Ti
SMA spring

“Equal to the free length at
the self-accommodating
martensitic state (below Mf)

®Identified from Fig. 4

Parameter Value
Number of active coils 21

Diameter of the wire 1 mm

Free length of the springin the austenitic state (above Af) 44 mm*
Total free length Lyc (SMA spring + two wires) 314 mm
Martensite-finish temperature, Mf > 30 °C
Martensite-start temperature, Ms > 30 °C
Austenite-start temperature, As 55 °C
Austenite-finish temperature, Af 70 °C
Stiffness in the non-activated state (martensite), Kon—aer 0.165 N/mm°®
Stiffness in the activated state (austenite), K, 0.308 N/mm°®




out to identify the variation in stiffness as a
function of the level of martensite orientation.
Four mechanical cycles were performed by grad-
ually increasing the maximum loading level.
Stiffness Kypn—qcr Was measured for each loading
stage. Table 4 gives the values of K4 as a
function of the free length of the spring (ALyp..),
showing that the value of the stiffness of the SMA
spring varies little with the level of martensite
orientation.

As a result, a stiffness ratio Kuer/Knon—acr Of 1.85 was
measured between the two states of the SMA spring
(austenite and martensite).

Table 4 Stiffness values for the SMA spring in the martensitic
state, with respect to the free length of the spring (corre-
sponding to different levels of martensite orientations)

ALfree (mm) Knon—act (N/ mm)

0 (self-accommodating state) 0.166
2.5 0.177
4.1 0.177
10.5 0.160
Average 0.165

Spherical retroreflector
placed on the effector

~ Compliant
. mechanism

ymputer for
piNC SErVOmoto

Robotis CM-700
micro-controller

Ammeter Electric power
generator

Fig. 5 Experimental set-up

2.3 Experimental protocol

Figure 5 shows the experimental system. It can be
broken down into three functional subsets:

1. Control of the servomotors. A Robotis CM-700
microcontroller was used to control both actuators
at A and B (see Fig. 2b). Two ranges of angle
values were set for each of the actuators: 04 €
[—12°,412°] and 05 € [—12°,+12°]. The origins
of the angles were chosen to correspond to the no-
load configuration. The scan included 11 angle
values for each interval.

2. Measurement of the effector positions. The coor-

dinate measurement tool was a Leica ATD-901
laser tracker, capturing the position of a spherical
reflector mounted on a target backing.

3. Power generator and ammeter for the heating of
the SMA component.

External loading for the deformation of the struc-
ture was applied in the vertical direction y: in practice,
a mass was suspended by a hook from the axis of the
upper revolute joint. The compliance maps were
developed for two free lengths of the SMA spring at
ambient temperature, i.e. at the martensitic state (see
Table 5):

e case #1: a first test campaign was carried out with
the SMA component placed in the structure in an
oriented martensitic state, i.e. with a pre-stretch
with respect to the reference state (austenitic or
self-accommodating state). After some prelimi-
nary tests, we chose a pre-stretch of 6% because
recoverable strains for Nickel-Titanium SMA
straight wire are typically of 5-6%. This pre-
stretch is recoverable by thermal activation of the
memory effect,

Table 5 Initial state of the martensitic SMA component for
the two experimental campaigns

Case Parameter Value
#1 Initial martensitic state Oriented
Pre-stretch 6%
#2 Initial martensitic state Self-accommodating

Pre-stretch 0%




e case #2: a second series was performed with the
SMA spring in a self-accommodating martensitic
state, i.e. without pre-stretch with respect to the
reference state. As a consequence, there was no
relative pre-displacement to be recovered upon
heating (no memory effect obtained). The objec-
tive of this second series was to assess the sole
influence of the change in the SMA Young’s
modulus between martensite and austenite.

For test campaign #1, the steps of the experimental
protocol are as follows:

Implementation at ambient temperature

1. An electrical current is passed through the SMA
spring while it is disassembled from the structure
to reset it to the memorized length, i.e. in the
austenitic state (44 mm, see Table 3).

2. The SMA spring returns to ambient temperature
and passes to the martensitic state while
maintaining its length (self-accommodating
martensite).

3. The structure is placed in its reference position by
resetting the servomotors to the origin angular
values. The location of point C corresponds to the
origin of the frame (x = 0, y = 0).

4. The SMA component is pre-stretched by 6%. The
pre-stretch AL, of the SMA spring is then equal
to Lsc x 6/100 = 18.8 mm. The new free length
of the spring is thus 44 + 18.84 = 62.84 mm. This
step is omitted for test campaign #2.

5. The SMA component is placed on the structure:
see Fig. 6a.

Reference State deformed by the

state servomotors in A and B

Fig. 6 Example of configurations of the demonstrator: a in the
reference configuration, b for a configuration 04 = 12° and
0p = —27°, resulting from the actuation of the two servomotors

Construction of compliance maps at ambient temper-
ature, i.e. in martensitic (non-activated) state

6. Still at ambient temperature, two angle set-
points are given for the two servomotors
situated at joints A and B. Effector C of the
structure moves, due to the flexibility of the
beams. For example, Fig. 6b shows the con-
figuration for 04 = 12° and 0g = —27° (out-
side of the range for better visibility).

7. The coordinates (x, y) of the point attained by
the effector are measured using the laser
tracker.

8. A vertical load F, = —3 N is applied using a
mass suspended from the effector. The effec-
tor moves to a new position.

9. The new coordinates (¥, y') are measured
using the laser tracker.

10. The difference between (x/, y’) and (x,
y) makes it possible to deduce the displace-
ment of the effector. It is thus possible to
calculate the two global compliances at point
(x, ) of the pseudo-workspace:

Syt = (¥ = x)/F, (1)
St = = y)/Fy (2)

11.  Steps 6-10 are repeated with a new setpoint on
04 and Op. A survey of the eleven values for
each angle enables the map of S)’C’;’"’“C’ and

Sy~ to be obtained by interpolation.

Construction of compliance maps at high temperature,
i.e. in austenitic (activated) state

12.  The SMA spring is heated by passing an
electric current through it.

13.  The same steps are repeated from 6 to 11 while
maintaining Joule heating in the SMA spring.

3 Results and analysis

This section presents the results obtained using the
experimental procedure described above. Section 3.1
shows the pseudo-workspaces obtained in the non-
activated and activated states of the SMA component,
for both cases #1 and #2. Sections 3.2 and 3.3 are



dedicated to the analysis of the compliance maps, for
case #1 and case #2 respectively.

3.1 Analysis of the pseudo-workspaces

Before presenting the compliance maps, let us
describe the pseudo-workspaces of the mechanism in
each state (non-activated and activated, i.e. in marten-
sitic and austenitic states respectively), for both cases
#1 and #2. These spaces are obtained with the laser
tracker by using 11 x 11 values for 04 and 0p in the
interval [—12°,412°], see Sect. 2.3. Figure 7 shows
the 11 x 11 points reached by point C, enabling us to
visualize the pseudo-workspaces obtained for case #1
(SMA component pre-stretched by 6%, see Table 5).
The following comments can be made:

e Figure 7a shows the pseudo-workspace for the
non-activated configuration (PWSE%‘_““). The
11 x 11 points appear to be quite regularly spaced,

a
@) 10r non-act

PWS 4,

3 (In mm)

-10|

W 0 s 0 5 10 15 20 25 30

X {In mm)

(€) 10

v (in mm)

-5

15 : 1 !
15 10 5 0 5

X (in mm)

',:\f

e Figure 7b shows the pseudo-workspace in the
activated configuration (PWS; ). The dimensions
of PWS{5, are much smaller those of PWSg) !,

e Figure 7c shows the consistency of the common
space PWSgy between the two pseudo-work-
spaces:  PWSgy = PWSg * NPWSEG # .
The points of this space can therefore be reached
in both configurations (non-activated and
activated).

The same analysis can be made for case #2, i.e.
without the pre-stretch of the SMA component: see
Fig. 8. Here too, a common space PWS¢, is obtained
between the non-activated and activated configura-
tions:  PWSgy = PWSI? *  NPWS # & (see
Fig. 8c).

It can be noted that both pseudo-workspaces
PWSg, and PWS{ are smaller than in the non-
activated configuration. This is due to the increase in
the Young’s modulus of the material during the

b
5.
E
g 0 ==
g X
= sl
=10+
B T R ) 5 10 15 20 25 30

X (In mm)

non-act

PWS, = PWSq, N PWS :il

Fig.7 Pseudo-workspaces in case #1: a with SMA in the martensitic state, i.e. in the non-activated state, b with SMA in the austenitic
state, i.e. in the activated state, ¢ intersection between the two pseudo-workspaces
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Fig. 8 Pseudo-workspaces in case # 2: a with SMA in the martensitic state, i.e. in the non-activated state, b with SMA in the austenitic
state, i.e. in the activated state, ¢ intersection between the two pseudo-workspaces

transformation from martensite to austenite:
Kot > Kuon—acr (see Table 3). As a consequence, the
mechanism is less flexible when the SMA component
is in the austenitic state than in the martensitic state.

3.2 Compliance maps in case #1

We now present the results of the tests performed on
the device when the SMA spring was pre-stretched by
6%. Compliance maps were obtained by interpolation
from a finite number of points in the activated and non-
activated workspaces. Therefore, some differences
may appear between the continuous and discrete
representations of the common workspace (depending
on the zone extrapolated around the points). Figure 9
shows the results for the yy compliance component.
The following comments can be made:

e Figure 9a, b presents the S7"~““ and Sy compli-
ance maps respectively, each plotted in its
respective pseudo-workspace (PWSgyr ™" and
PWSE)). The values

extreme are

close:max(Sy" ") = 2.45 mm/N, max(Sy)) =
220 mm/N and min(S}"") = min(S5;") = 1
mm/N. However, these maximum and minimum
values are not obtained at the same locations in the
space,

e Figure 9c show the mapping of the compliance
ratio Ryy (with Ry, = S777/S70"=4") 1t is noted that
this ratio is positive over the whole PWSgy;. It is
also observed that the ratio varies from 0.82 to
1.40, which is to say that the passage of the SMA
component from martensitic to austenitic changes
the compliance between -18% and +40% depend-
ing on the location under consideration in the
space. This result validates experimentally the
concept of varying compliance, at the same point
in the pseudo-workspace, of a mechanism inte-
grating an SMA component.

Figure 10 provides the maps for the xy compliance
component, still for case #1. Figure 10a, b shows the
compliance maps for Sﬁ;’"’““ and Sﬁ;’ respectively. For



(a) . ; (b) 15—
non-act mffN
10+ ) 10
5 5
E o E o
£ 5
= -5 = 5
10/ / 40
non-act act
A5+ -15
PWSG% PWSG%
A5G0 5 0 5 10 15 20 25 As 0 5 0 5 10 15 20 25
x (iIn mm) x (in mm)
(©) 45
10-
5
E |
E O-
£ b
=, 5L
5 mapped over PWS
6%
-10-
A5
Qs 40 5 0 5 10 15
x (in mm)

Fig.9 Compliance map S,, for case #1: a with SMA in the martensitic state, i.e. in the non-activated state, b with SMA in the austenitic
state, i.e. in the activated state, ¢ compliance ratio Ry, on PWSs
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Fig. 10 Compliance maps S,, for case #1: a with SMA in the martensitic state, i.e. in the non-activated state, b with SMA in the
austenitic state, i.e. in the activated state
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both maps, there is a gradient from negative to positive
values. The maximum values are quite close on both
maps: max(Sy;" ") = 0.65 mm/N and max(Sg;) =
0.50 mm/N. On the other hand, there is a clear
difference for the minimum values: min(S}y"~*") =
—1.80 mm/N and min(S§;') = —1 mm/N. We see that
ng,’"’“c’ and Sﬁ;’ can be of negative or positive sign.
This prevents the clear representation of the ratio Ry,
with Ry, = S§7 /8" =", since it takes infinite values
for §10" 4" = 0. To better analyze the variation in this
compiiance, three maps are provided in Fig. 11:

e the distribution of the sign of R,, is first presented
in Fig. 11a. The values are positive, except in a
thin sliver splitting the pseudo-workspace into two
and where R,, <0. Lines where R,, = oo and
R,, = 0 are also present,

e Tigure 11b shows the areas where Ry, is different
from 1. It can be seen in this figure that the
compliance varies over the majority of the space,
which is a good feature,

 Figure llc shows the difference Sj’ — S5~
This difference varies between -0.31 mm/N and
0.4 mm/N, which evinces a large variation
between the two states of the SMA component
compared to the absolute values.

3.3 Compliance maps in case #2

The same analysis was performed for case #2, i.e. with
no pre-stretch of the SMA (self-accommodating
martensitic state). Figure 12 shows the results for the
yy compliance component:

e Figure 12a, b presents the compliance maps
Syon—ac and ST respectively. Overall, the compli-
ance values were higher in case #1 than in case #2
(compare with Fig. 9a, b): the mechanism was on
the whole more flexible when the SMA spring was
pre-stretched. Note also that the compliances vary
essentially as a function of the vertical coordinate

Y
e Figure 12c shows the map of the ratio Ry, = S;;’

S;Z;’”’“C’ . The latter varies between 0.87 and 1.35,
which is to say that R,, varies between -13% and
35% depending on the point in space. When
comparing with case #1 (see Fig. 9), a reduction in
the compliance ratio is observed: pre-stretching
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the SMA component increased the variability over
time of the overall compliance of the mechanism.
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Finally, as for case #1, there is an area in the
pseudo-workspace where the ratio does not vary
(Ryy ~ 1).

Figure 13 provides the results for the other compli-
ance component (xy). Figure 13a, b shows the com-
pliance maps for S}"~““ and S§;, respectively. The
compliance distribution varies mainly as a function of
the horizontal coordinate x, in contrast to the maps of
component yy, where compliance varied essentially as
a function of y, evincing anisotropy in the stiffness
distribution variation.

Figure 14 provides an analysis of the compliance
ratio R,y:

e Figure 14a shows the distribution of the sign of
R,,. The presence of a negative zone shows the
possibility of changing the sign of the compliance
at the same point in the pseudo-workspace by
transferring the SMA component from one con-
figuration to another,

e in Fig. 14b, the compliance variation zone (area
where R,, # 1) occupies a large part of the pseudo-
workspace, which is a good feature. Proportion-
ally, however, the zone where Ry, # 1 is smaller
when the SMA component is not pre-stretched,

e Figure 14c shows the map of the difference
S§ — Syl A variation ranging from -0.21
mm/N to 0.32 mm/N is observed. In comparison
with case #1 (compare with Fig. 11c), this varia-
tion is less significant. This confirms the impact of
the pre-stretch of the SMA spring, compared to the
impact of the change in Young’s modulus, in
increasing the compliance variability of the
mechanism.

3.4 Comparison with numerical simulations

In this section, we present a comparison between
numerical and experimental results. For this, a
numerical model that takes into account the dimen-
sional parameters and materials of the physical
demonstrator was implemented. The calculation was
performed using the tool developed in [53]. Numerical
compliance values were calculated at regularly dis-
tributed points covering the pseudo-workspaces with
and without pre-stretch, in activated and non-activated
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configurations. The calculations were made by using
the same process as in the experimental procedure.
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Fig. 15 Numerical-experimental comparison with a pre-strech of: a, b 0% and ¢, d 6%

Figure 15a, b presents the comparison with 0% pre-
stretch of the SMA component:

e Fig. 15a present the numerical compliance ratio
values Ry, as a function of those of the
experimental compliance ratio R,,_.y,. It can be
observed that the points follow the bisector,
indicating that the numerical and experimental
results are in very good agreement,

e the same remarks can be made for the other
component (yy): see Fig. 15b: the numerical model
enables the compliance variation of the demon-
strator to be estimated.
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Figure 15c, d presents the numerical-experimental
comparison with a 6% pre-stretched SMA component:
the points are well aligned along lines. However, for
Fig. 15d, deviations from the bisector are larger than
for the case without pre-stretch. We consider that this
phenomenon originates in the position control of the
motors. Indeed, we did not know for a given config-
uration of the mechanism how the set of forces is
established in joints A and B with respect to those
related to the deformation of the structure and the
stress in the SMA when shape memory is activated.
The force equilibrium is thus possibly different from
that of the model.



The observed differences could be reduced by
adjusting some of the numerical parameters. Improve-
ments by further modeling of the SMA behavior and
control would bring numerical predictions closer to
experimental values. However, the model correctly
reproduced the overall response of the demonstrator in
terms of pseudo-workspace consistency and stiffness
variability.

4 Conclusion

This paper described the design and the experimental
evaluation of a compliant mechanism consisting of a
structure based on two flexible angled beams, two
rotary actuators, and a shape-memory alloy compo-
nent. A pseudo-workspace was obtained through the
deformation of the structure. The SMA component
was thermally actuated in order to change the stiffness
at the same points in the pseudo-workspace. Several
maps of the compliance along different axes were
generated, supporting the principle of the integration
of shape-memory alloys in compliant mechanisms to
obtain variable stiffness. The main points demon-
strated are:

e the possibility of obtaining a common area
between the two pseudo-workspaces correspond-
ing to the activated and non-activated modes of the
SMA component,

e the existence of interesting properties, such as the
anisotropy of the variation in stiffness, or its sign
inversion,

e the impact of SMA pre-stretch in the martensitic
state on compliance variability.

The experimental results presented here are incentive
to build a new framework for the optimization of
compliant mechanisms, as well as for the future
adjustment of their stiffness with the perspective of
performing versatile tasks. The development of map
analysis tools inspired by image processing algorithms
is the next step towards mechanism design processes
which will target controllable properties according to a
desired task (for instance variable stiffness over a
stroke for an actuator or over a workspace for a
manipulator).

The control of the position, orientation and stiffness
of the effector, either by closed-form equations, real-
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time finite element simulations with optimization or
learning algorithms, will be an interesting research
subject for development in the near future, leading to a
significant contribution in the specific field of the
control of compliant mechanisms.
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