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Abstract. Eco-design of industrial robots is a field of research which has been rarely
in the past. In order to considerably decrease the environmental impact of robot dtri

phase, metal or carbon composite parts can be replaced by bio-sourced materials,
Indeed, wood has interesting mechanical properties, but its performance / di

with the variations of the wood mechanical properties. The preé
deformations are compared with experimental measurem
mockup. Results show that there is a good correlation detwe:
and the computed ones.

#On of)this model in terms of
dépewfa wooden parallel robot
the measurement displacements
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1 Introduction \

The Climate Change Mitigationgf€CM) has become a priority in the world, as shown
during the COP21. It becomes u t to decrease the Environmental Impact (EI) of
the human activities. Rob % hicll takes an increasing place in our everyday life,

must also be part of this

A recent at, contrary to what could be imagined, a large per-
centage (aroun e EI during the entire robot life is due to the use of
metallic m Is
their links. ercefitage is even worth if carbon composites are used. The rest of
allysdtie to the robot energy consumption during use.

educe EI of robot design, that is rarely used, is to replace the pol-

in the scope of the French project RobEcolo [3], we are interested in using wood
stead of metals to design the robot links.

Using wood in machines is not a new idea. For instance, it is used in chassis
of cars [1]. It found also applications in the design of buildings due to its stiffness
and low cost [10]. It is also used in Robotics for the design of mock-ups and proof-
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of-concept prototypes [15, 14]. However, a detailed study of these works shows
that wood is never used in critical parts ensuring accuracy. Indeed, the wood perfor-
mance / dimensions will vary with the atmospheric conditions / external solicitations
and with the conditions they have grown [10, 17]; thus, new robot design issues ap-
pear: How to be sure that an industrial robot made with wood can be accurate and
stiff even if wood properties vary?

A first attempt to introduce wood in industrial robot design was presented in [12].
The results showed that the approach was valid enough to compete with usual ma-
terials. However, this study did not deal with the aforementioned issues.

Indeed, the accuracy issue can be treated through proper control approaches:
external sensors combined with proper controllers can be used to accurately contr:

handled through robust design approaches [18]. However, these design app,
must be fed with stiffness models which are able to predict the vaﬁa ility
robot deformations due to the variability in the material properties.

In this vein, the present paper aims at proposing an elastostic mgfet of a
parallel robot being able to predict the deformations and their vari

2 Mechanical Properties of Wood

Wood is an organic product structure of infinite variatjo etapl and design. Itis on
this account that no two types of wood are alike: ifi'§ea two specimens from
the same log are identical [11]. Several studigfyeivifig the mechanical properties
(e.g. Young’s modulus, Poisson’s ratios) for differciifpieces of wood can be found
in the literature [9, 10]. The properties defined by repeated tests, that provide
mean values and rarely the stan8lard jon (it is known that the coefficient of
variation can reach up to 30 % for s®me Charagteristics [10]).

We are investigating the wo the d&8ign of industrial parallel robots, hence
it is necessary to know the méch@uical properties of the wood to define the elastic
deformation of the robot gc¥@the Wads applied on it. However wood is subject to
a scale effect: impact of s @ ies (e.g. knots, direction of grain) are linked to the
size of the pi d@kbefefore new tests have to be performed to define the
mechanical pr
values givef i ] ar¢ usually obtained for beams of large dimensions unlike
the links of ich will be much smaller. Moreover, unlike usual material
t deSigft, wood is an orthotropic material. The three different directions
L, radial R, and tangential 7. According to the theory of elasticity,

nks of parallel robots have cross-sections with smaller dimensions than the
link lengths [13], and can be modeled according to the beam theory (Euler-Bernoulli
del). For this reason, in this work only the longitudinal Young’s modulus E; and
Poisson’s ratio v = W are necessary.

In order to decrease the dimensional variability of wood due to humidity, we

decided to design our links with a novel type of acetylated wood [17, 7] named
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Fig. 1 Experimental setup to define the mechanical properties of Accoglp Pine

Accoya Pine. This wood is known to have many advantages over ecies
in terms of durability and dimensional stability. This choice ic tha e had to
make mechanical tests because no data are provided in lite for tis new type

of wood. Hence, to define the Young’s modulus E;, of , bending tests
were made (testing for the Poisson’s ratio is not usefu s"a relatively small
impact on the bending strain [9]). Thirty specimen e dimensions of the
specimens are the same as the dimensions of a hnk of the robot we plan to
build (length of 30 cm and square section of 3 cm m).

Cantilever tests were performed usingdgads of 1 kg, 2 kg and 5 kg (Fig. 1(a)) and
the measure of the deflection is &t te E (the computation was inspired
by the usual EN 408 standard). It is ery Tmpoptant to mention that the precondition-
ing of the specimens was made temperdture of 20 Celsius deg. and at a relative
humidity of 65 %, which for this Specific acetylated wood implies a moisture content
of 3.1 %.

As shown on Flg 1( . tain a variable Young’s modulus which follows a
normal distri lue equal to 9732 MPa and a standard deviation of
2462 MPa. sed as input of the model presented in the next section.

3 Estima of tHe robot elastic displacement

s modeling of a five-bar mechanism

The analytical stiffness model presented in this section is based on matrix struc-
al analysis method. This model was used in [6] in order to calculate the displace-
ment of the end-effector of a parallel robot, under some external loadings.

The five-bar mechanism under study is modelled with four 3D flexible beams,
each beam having two nodes at their extremity corresponding of the characteristic
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Fig. 2 The five-bar mechanism and its stiffness model

O LA, %
(a) Schematic of the five-bar mecha- (b) Beam representation
nism (actuators in gray)
. O

points (Fig. 2(b)). Nodes 1 and 8 are clampled onto the groud whil iematic
constraint relations will be imposed to the other nodes in ordet to p terize the
free rotations of the passive revolute joints.

The stiffness matrix 'K’ associated with the beam i ( 4 (Pfz. 2(b))) and ex-

'K' can be expressed in the base frame of the o by using the following

relation:
R 05 05 05
; . 0; R03;0
Oyi __mp—1 iy 4 _ 3 3 U3
K =T KT\ 0= 10,05 R 0, )

0;0; 0; R

pressed in its local frame %; is a 12-dimensional cqifsta@squafe symmetric matrix
which depends on the geometrical and mechanical parameters [8].

where R is the rotation matsigafro e local frame %; to the base frame %, and
05 is a (3 x 3) zero matrj @ an’be decomposed into the four following (6 x 6)
sub-matrices:

. OKi OKi
Oyci 11 12
K= o, ok @
Stiffness a%( 1s a technique used to define the stiffness matrix of the a

whole sglicture? the five-bar mechanism, all the beam stiffness matrices are
assemabled 1 base frame according to the nodes as follows:

OKéz 06 06 06 06 06
0 gKil EKEZ 0 05 O
0s °K3, °K3, 05 05 O
0 _ 6 21 22 6 6 6
K = 3
=10 0 0 K, K}, 0 )
0 0s 05 °K3, °K3,

(36,36)
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The structure of the mechanism is composed of three passive revolute joints, the
characteristics of a revolute joint is that all movements of two adjacent nodes are the
same except the rotation around joint axis. Those joint properties can be described
by using the kinematic relation between two nodal displacements [6].

Assembling all these kinematic relations into a unique expression gives:

OAi A% =036 4)

where, in our problem, A, is of dimension (15 x 36) and Ax, = [Ax] ,Ax}, ..., AxI]T
is the vector gathering all the nodal displacement Ax; withi=1,2,... ,7.

In the same way we defined Ax,, the corresponding vector that gathers all t
nodal wrenches is given by £, = [f7 ,f1, ... .f1]7, where f; is the wrench appli
at node j. Taking into account the constraint expressed in equations (4),
placement of the structure can be obtained using the stiffness reltion
wrench/displacement) [8]:

KG AXG ZfG (5)
0 T
where: K¢ = [;{’ (;A’ ] , Axg = [AAXZ} , and afG = (6)
t V151 (51,51) t1(51,1) (51,1)

A; is the Lagrange multipliers vector necessary to take accoint the kinematic

constraints. The displacement is calculated as follo
Axg =K' @)
from which the nodal displacement Ax; be extracted.

3.2 Predictive model for thXoo n pobot deformation

At this step, we have introduc e stiffness model of the five-bar mechanism con-
sidering that the Young’s pa us Poisson’s ratio are known. However the ex-
Sgctfon 2 showed how important is the variability of

. Fopeach link of the robot, a value of Young’s modulus is randomly generated

based on the normal distribution identified in section 2.

. External wrenches are applied on the end-effector. Then the end-effector dis-
placement is obtained through relation (5).

3. The previous two steps are repeated n = 40000 times which ensure the stability

of the results (identical mean value at 0.1 um).
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Fig. 3 Experimental setup
4. Finally, the mean, standard deviation, minimum and maximum values Q
40000 values of the displacements are calculated. o
5. The process is then repeated for the other points on the grid.
This method is applied on a case study in the next section. A MATLAB, codle was
written to compute the robot displacement using the modelin urejpresented
in section 3.1. The computation of all displacements took ai d 35 ¥€C. per robot

configuration (for a Pentium 4 2.70 GHz, 16 GB of RA

4 Case study

4.1 Description of wooden five-bar mechani®m mockup

To validate the model proposed, @ wooden fixe-bar mechanism mockup was devel-
oped (Fig. 3). The mockup is cd&os ur identical links (length of 28 cm
and square cross section of 3 ¢ 3 cmygfiade of Accoya Pine wood connected
with three passive revolute joigth The distance between the fixed axes on the base
is equal to 27 cm.

4.2 Experiments

The experimen

tion as pre:

is applied o fector, and the resulting displacements at the end-effector
red. Tests were carried out for the nine configurations of the

ig. 2(a). For a given configuration the experiment is repeated 10

sults are summarized in Fig. 4. Concerning the displacements along x-axis
and y-axis, the graphs show that the maximum and minimum experimental displace-
nts are in the range of deformations predicted by the model. Results show that
the deflections predicted by the model are in a much wider range than the exper-
imental measurements. This was expected because numerically, 40000 values of
rigidity were simulated while, experimentally, only one robot could be produced.
Experimental results are globally in between the numerical limits. Nevertheless,
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Fig. 4 Measured and simulated displace;

few predicted displacements do not match withethe fneasutement. The theoretical
and experimental results may differ because o lled phenomena, like:

* The passive joint stiffness was not cogsidered

* Viscoelasticity characteristics&h W as not taken into account.

However, from those experimentghwe ca m that the theoretical model is satis-
factory and the proposed modgliig procedure is efficient for predicting a realistic
behavior of the wooden p r

5 Conclusj

Robot eco-desi of research in Robotics that should be deeper investi-
pute to the Climate Change Mitigation.

ks: its mechanical performance encounters a large variability. In order
to design a stiff industrial robot, robust design approaches must be used.
hese”approaches must be fed with elastostatic models that are able to predict the
variability in the robot deformations due to the variability of the wood mechanical

In this paper, we developped an elastostatic model for a wooden parallel robot
which was able to cope with the variations of the wood mechanical properties. The
prediction of this model in terms of deformations were compared with experimental
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measurements made on a wooden parallel robot mockup. Results have shown that
there is a good correlation between the measurement displacements and the com-
puted ones. However, differences occured between the theoretical and experimental
results that may differ because of unmodelled phenomena.

Our future works will concern the refining of the proposed elastic model, the
computation of the natural frequencies and the definition of a robust design method-
ology for wooden industrial robots.
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