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Abstract: With multiple improvements in the field of control systems, sensors and image processing sys-
tems, the applicability of robots is expanding to new areas previously served by human labor such as
harvesting fruit and vegetables. For these new areas, new and improved end-effector systems are also
needed, as the objects which require handling have diverse dimensional properties, complex surfaces,
varying degrees of softness. These new application areas demand intelligent features such as touch sens-
ing, gripping force sensing and accurate position sensing. In the past few years, additive manufacturing
has shifted from rapid prototyping to printing functional parts. Latest polymer material advances for
fused filament fabrication enable printing parts with various properties, including electric current con-
ductivity. In this paper, the authors are looking at the novel possibility of integrating these new conduc-
tive materials into ssimple, yet intelligent end-effector systems. Several principles have been investigated
and analyzed for their usefulness. The authors have fabricated parts with fused filament fabrication
which integrate force-sensitive electromechanical switches, capacitive sensing or bend sensors for deter-
mining finger position in adaptive grippers. The parts, 3D printed from commercially available filaments,
have been subjected to various tests which demonstrate promising results and potential applicability in
real-life applications.
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1. INTRODUCTION named Fin Ray, which is based on the mechanisms ob-
servable in fish fins [1]. This geometry has a éaay-
vantage over serial or parallel cinematic chaindéing
capable to adapt around a curved surface. Basdtieon
Fin Ray geometry, Festo AG developed products sisch
MultiChoiceGripper, a pneumatic adaptive grippethvd
fingers which can reposition its fingers to pick aydin-
_drical or spherical objects [2].

Other approaches include making actuators using the
principle of electro-adhesion applied on a polyrase
[3] or the use of dielectric elastomers to makaectuator
which can roll around objects [4].

Additive manufacturing, a process of making objects
by adding successive layers of material onto a ks
offers the possibility of creating mechanical comgiats
adaptive end-effector systems, which can use @kent With properties that are suitable to fulfill thesew chal-
from the environment in order to adapt to a langem-  lenges faced by robotic end-effectors. Fused d&posi
ber of situations, compared to common end-effectorgnodeling [5] is an additive manufacturing processol

Following the improvements in the field of control
systems, sensors and image processing systemsirused
robotics, the capabilities of robots also increaBaus,
we are witnessing a continuous expansion of thieldie
where robotic systems can be implemented in order t
replace human workforce.

New applications for robotic systems, such as har
vesting fruits and vegetables in agriculture, ansb a
improvement of existing capabilities in industriseét-
tings, such as the capacity to pick up objects witfer-
ent geometries placed within the workspace of Hraes
robot, demand new developments in the field of ticho
end-effectors.

For this purpose it is useful to develop intelligen

which are designed to work for a single type ofeabj
and geometry.

Large corporations active in the field of indudtaa-
tomation, along with university laboratories acrdke

uses extruded thermoplastic filament to creatertapé
material. Because the thermoplastic material it #x-
truded into a filament, other materials can begraed
by adding other materials in the mix. By integrgtin

world have researched and developed a diverse numbdillers such as metallic powders [6], carbon poveder
of solutions to deal with these emerging problems.carbon nanotubes [7], wood fiber [8], etc. in thertno-
Evologics GmbH developed the adaptive geometryplastic filament, the final printed parts can retabme of
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the filler's physical and chemical properties. Byeigrat-
ing carbon powder or graphene into an acrylonitrile
butadiene-styrene (ABS), polylactic acid (PLA),
polycaprolactone (PCL) or thermoplastic polyurethan
(TPU) base, researchers have developed filamentaima
conduct electrical current [9].
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This type of filament has made its way into several
research programs. PrintPut is a project that dns
developing a touch sensitive user interface that loa
applied on complex surfaces and it is one of thesitde
real-world applications of 3D printed conductivetera
als.

In this paper the authors are looking at combining
these advances in 3D printing materials with theaad-
es in robotic end-effectors by analyzing the pakgitof
integrating thermoplastic materials with conductive
properties into end-effector finger design in order
create intelligent end-effector systems.

2. METHOD AND PRINCIPLES

From the perspective of using data from the environ
ment using conductive materials, several mechamcal
electrical principles that could be exploited antkgrat- = '
ed into a robotic end-effector have been identifeull c R s repnis?
considered for testing. Fused Filament FabricatiefF)
additive manufacturing is a process largely basad o Fig. 1. a—3D model of gripper with 3D printed fingdr:- 3D
thermoplastic polymers. When combined with conduc- model of finger with integrated electromechanicaitsh; ¢ —
tive properties, the elastic properties of thesimpers working principle of 3D printed force-sensitive gier.
can be used to design electromechanical systenmsasuc
electromechanical switches, resistive touch sensors
bend sensors.

Thermoplastic materials with conductive properties
can be 3D printed into electrical circuits. Thektical
circuits can be formed into resistive touch andspuee
sensitive surfaces [10]. The same circuit can bedal to
provide multiple touch-sensitive areas.

Another electrical principle of interest is capaeit
sensing. By putting a layer of conductive matedato
an insulating layer a capacitor can be formed witleee
conductive layer is its electrode. By touching thiec-
trode, the capacitance of the system is modifieduitjh
interfering with its electrostatic field. The cafiae

the target object, the first layer of material sudfelastic
deformation until it comes into contact with theed
layer and closes the electrical circuit.

Thermoplastic polyurethane is known for exhibiting
nonlinear hyperelastic behavior, high rate depeogen
high hysteresis and it softens with cyclic loadi®pend-
ing on the maximum strain level reached in priocley
[12]. The design of the gripper finger is made ¢oam-
modate these facts and keep maximum strain leval to
minimum. During operation, the strain level is kepter
10% of the maximum allowed strain.

The models used for testing where made with con-
ductive layers with a thickness of 2.5 mm and asupn
method is largely used where touch sensing is mkede pqrr:ed (Ijgngth ofb35 mm. 5 t%stmg s?mples V;’frﬁ made
but can also be adapted for pressure sensitivecappl W't a |stanF:e etween con .uct|ve ayers whichesar
tions [11]. in 0.25 mm increments, starting at 0.5 mmg(Bja).

2.1. End-effector fingerswith integrated electro-
mechanical switchesfor force-sensitive gripping.

An area of large interest is the manipulation ofsse
tive objects, which require either deformable effdetor
systems or end-effectors with force-sensing cajiaisil
To tackle this issue, the authors are presentifiggeer
for use in robotic end-effector systems which has a
integrated force sensitive switchig). 1,c).

The authors intend to demonstrate that 3D printing
can be used to fabricate force-sensitive end-effefi-
gers by using conductive thermoplastic materialhe T
finger is fabricated through FFF additive manufaom
using a dual extruder 3D printer. Embedded in thed @
base structure is a structure made out of conductiv
thermoplastic material with elastic properties HIPE
95-250 produced by Palmiga Innovations. This conduc-
tive material, once printed, has a Shore A hardné&s
(ISO 868) and a volume resistivity of less thaf.

The elastic properties of the material are exptbite iy 5 Finger with embedded electromechanical switch:3D

create a force-se_nsible ent_j-effector finger byth printed testing samples with varying distance betweonduc-
layers of conductive material separated by a digtan tive layers:b — assembled 3D printed finger;

Upon the gripping force being applied by thegér on c — finger with testing guide.
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For use during testing, a guide which will simulste
finger coming into contact with a cylindrical objeg80
mm in diameter was designed and 3D printeit)( 2b).
For ease of the testing process, the parts werdgegri
separately and assembled afterwards, but the gepmet
allows for printing as a single piece.

2.2. End-effector fingerswith integrated capacitive
touch sensing.

The ability to sense contact between an end-effscto
fingers and a target object is important, especiathen
it comes to the manipulation of soft objects [13].

The second model which was designed and analyze
uses capacitive sensing to detect the contacteokttu-
effector finger with certain objects (Fig. 3). Tbenduc-
tive layer (electrode) of the capacitive sensan&le out
of an ABS polymer which contains carbon powdefill
and the insulating layer is made out of polyethgléer-
ephthalate glycol-modified (PETG) polymer.
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A test part with the same dimensions as the ones ifffig. 5. Testing circuits (on the left side of the Arduinoard for
the previous experiment was designed and fabricatedtesting the electromechanical switch and the adayBtin Ray

(Fig. 4).
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Fig. 3. Working principle of end-effector with capacitisens-
ing capabilities.

object

Fig. 4. 3D printed end-effector finger with capacitive ¢bu
sensing.

finger; on the right side, for testing the touchsgve capaci-
tive end-effector finger).

The capacitive response of the part was tested by
connecting it to an Arduino Uno with the CapSerise |
brary. A signal is sent from one of the Arduino gin
through the part and into a receive pin. The semdl a
receive pins are connected through a % Mesistor
(Fig. 5.

When the send pin changes state, it triggers geela

change of state of the receive pin. The delay betvibe
send pin changing state and the receive pin chgngin
state is determined by a time constant definedrigy,
whereR is the value of the resistor ailis the capaci-
tance at the receive pin plus any other capacitanee
sent at the receive pin, which acts as a sensgr 8#).
In applications where numeric values of capacitaanee
of interest, a small capacitor, the order of B is need-
ed in parallel with the target object to stabilidelay
readings. However, since interest is only in ohsgrthe
delay in arbitrary units, not in the numeric values
other capacitor added in parallel to the detectgdab is
needed.

This sensing method works with any object that is
conductive or that has a dielectric different framnso it
is of interest in applications such as picking upté and
vegetables or metal objects such as aluminium cans.

The 3D printed test part is tested by connectirig it
the test circuit and bringing it in contact repeitewith
several objects, such as tomato, lemon, apple,pegl
per, pomegranate, bread, aluminium can.

In order to verify the model’s applicability in idde
scenarios, different testing routines were analyzethe
first routine, a pick & place routine is simulatdxy
touching the target object with the gripper finder 3
seconds, then releasing it for another 3 secomgls(Fi
104a). In the second routine, a medium length gripton t
target object that lasts 10 seconds is simulated
(Fig, 10h), and in the last routine a longer grip of 30
seconds (Fig. 16) is simulated. Testing was conducted
at room temperature of 24 °C.
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2.3. Fin Ray Effect gripper finger with integrated . BRNEY &

bend sensors -

End-effectors using the Fin Ray Effect are used in_ g Q\ p
applications where adaptability to cylindrical, ephal B
or complex surfaces is needed [14]. When integratid
electric end-effectors, certain properties suchyrgging
force, pressure on the target object or estimaitegkeif
position can be determined by analyzing the stadrac-
teristics of DC electric motors [15]. However, with
pneumatic-actuated grippers and with non-parallel o |
series kinematics such as with the Fin Ray Effecinge-
try, these properties are harder to determine.

Also, an accurate determination of the finger'sipos
tion is not possible without the use of sensorsinina
imaging sensors, because such an end-effector rimes
have serial or parallel kinematic chain.

Considering that Fin Ray Effect fingers used in-end
effectors can be fabricated using 3D printing, plossi-
bility of integrating conductive material filament®
form integrated sensors in such end-effector fimger
should be analyzed. One such example is integrating
bending sensor into a Fin Ray finger with the uba o
dual extruder printerig. 6).

The base structure was fabricated from unfilled ABS
polymer while the conductive circuit was made from
ABS filled with carbon particles.

The conductive circuit has a total length of 160 mm
and a cross-section area of 3 fnifihe resistivity of the
conductive filament was measured prior to printmgl it
amounts to 5- Fm.

In order to show this model has potential in determ
ing the finger position during gripping, the resigy of
the conductive circuit during idle and during beyi
under load will be measured. By showing that thera
proportional correlation between an applied fordaciv
causes the finger to deform elastically and théstasce
of the integrated conductive circuit, a case cdiddnade

Fig. 7. Experimental setup for measuring force and rasigta
1 - steel bar; 2 mechanical comparator-Bohmmeter;
4 — test circuit; 5- end-effector finger.

that the solution is suitable for determining thasition Fig. 8. 3D printed adaptive finger with integrated bending
of the finger. This fact is tested using the samged- sensor: 1 adaptive finger; 2 integrated conductive circuit;
mental setup as in the first studied model. Thaiset 3 — support structure; 4 — wires.

consists in a rectangular steel bar with known disiens
which is elastically deformed by applying force twthe 3. RESULTSAND DISCUSSION

end-effector finger. The deformation of the baread A. Testing the end-effector finger with integrated
using a mechanical comparator and the resistantieeof force-sensitive electromechanical switch gave psimgi
integrated conductive circuits is read using an wieter  results in terms of repeatability and design fléitip As
(Fig, 7). A guide that is meant to keep the ada&pénd- it can be seen in Fig. 9, the force needed to érighe
effector finger with one of its sides in verticabgition  electromechanical switch is accurate within 1-sigma

while testing was designed and 3D printed (Fig. 8).
14
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Fig. 6. Working principle of Fin Ray Effect end-effector Fig. 9. Trigger force measurements for the electromechanic

fingers. switches.



A. Zapciu and G. Constantin / Proceedings in Manufacturing Systems, Vol. 11, Iss. 4, 2016 / 201206

205

B. Testing the touch sensitive end-effector fingerductive circuit inside the end-effector finger. $hould

produced good and reliable results, showing pakfar
applicability in real-use scenarios. Discounting tfpple
effect caused by the absence of a known capacittirei
testing circuit, as mentioned previously, it can die
served that the measurements are stable in tintle,fbio
short-timed, repeated gripping sequences (Figp)1@s
well as for longer contact periods (Figs.dand 10c).

simplify the external electric circuit needed tanrthe
capacitive sensor and reduce cost with manufagturin
and assembly.

The electrical resistivity is defined as:

p:Ré'

| @)

Because the thermoplastic conductive material has

high electrical resistance, the resistance of®3 hMeded
for the part to function as a capacitive touch semsin
be replaced by integrating a secondary 3D gdicbn-
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Fig. 10. Graphed results of capacitive touch test: repetitive
test of finger contact with a tomato:- 10 seconds gripping
simulation of a tomata; — 30 seconds gripping simulation of a
tomato;d — various objects tested.

whereR is the electrical resistance of a uniform specimen
of the material] — length of the piece of material; A
cross-sectional area of the specimen.

Previously, the resistivity of the conductive filam
was measured to be 5%¥0m. From this, it can be calcu-
lated that the length of a conductive part witteeti®n of
9 mnt needed to replace the S(Mesistance is 9 mm. It
should be noted that, depending on the size ofesistor
needed, it might not be possible to fabricate ihedac-
tive circuit without increasing the volume of tharpor
without weakening the mechanical structure of the.p

Figure 11shows a parallel view between the 3D
model of the part previously tested and the 3D rhotle
this new design.

C. Upon testing the adaptive finger, an inverseezor
lation between applied force, meaning the resultieg
formation of the end-effector finger, and the aiect
resistance of the integrated conductive circuieasily
observable (Fig. 12).

Fig. 11. Comparisona — tested model (top); b proposed
model with integrated resistance (bottom).
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Fig. 12. Testing of the adaptive end-effector finger witker
grated bending sensors.
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Fig. 13. A 15-period moving average smoothing algorithm
applied to the measured effect.

In order to eliminate measurement variance, a Empl
smoothing algorithm can be used. The effect of an u
weighted sliding-average smoothing algorithm isreep
sented in Fig. 13.

This approach comes with the downside of losing
some of the responsiveness of the sensing systethea
measured effect is delayed by a period equal to the
timeframe over which the smoothing algorithm is con
sidered. Depending on application, this delay mamay
not be relevant.

To help reduce this delay while maintaining the
smoothing factor, faster sampling is one of thesptil
solutions.

4. CONCLUSIONSAND FUTURE RESEARCH

In this paper, the authors have provided proofaof-c
cept that conductive thermoplastic materials carsume
cessfully integrated in additive manufactured pavith
the goal of creating end-effectors with sensingatép
ties. The novel 3D printed electromechanical switch [4]
capacitive touch sensing finger and adaptive fingi
integrated bending sensors are models which opmtta
to create novel intelligent end-effector systemsicih
require less costly manufacturing and assemblyfutio- 5]
tion, the proposed models require simple electsonic
found in common robotic controllers, which meanat th
the solutions could be implemented with little orextra
cost. Taking this into consideration, a technology
roadmap could be envisioned (Fig. 14). [7]

Future research will focus on solving the challenge
that have been identified, such as the need foustob
signal processing, as well as on verifying theadility
of operating in real life environment. Also, futuredels
that integrate multiple capabilities presentechis paper
are to be designed and tested. Of particular istésethe
integration of touch and force sensing capabiliies
adaptive end-effector fingers. This would allow tiee

(6]

(8]

9]
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Idea
- advances in robotics technology
- advances in 3D printing

-3

Proof of concept
- fabrication
- signal stability
- repeatability /

Demonstrator model
- mechanical design
- signal procesing

Design optimization
- mechanical design optimization
- electrical design optimization

Commercial product

Fig. 14. Envisioned technology roadmap.
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