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Design and analysis of a novel light-weight, linear actuator driven flexible PET
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Abstract: A robotic manipulator consists of a robotic arm and an end-effector. The function of
the end-effector or robotic gripper is to allow the robotic arm to grasp and manipulate objects. The
traditional hard robotic grippers are prone to poor gripping ability when grasping objects with
irregular shape or in-ability to passively adjust force to delicate objects. Soft Robotic grippers were
purposely designed to solve these disadvantages. In this work, a novel light weight robotic gripper
based on grasping action of holding an object in between two strips of in-elastic flexible material
under tensile force developed when pulled is hereby presented. Force analysis of the gripper was
carried out as well as validation experiments. Analysis shows that the minimum pulling force to be
exerted by the gripper on the grasping strips is directly proportional to the payload mass and the
strips lengths. It is also inversely proportional to the coefficient of static friction between the
payload-strips interface and the horizontal extent of the payload. Experimental results supported
these observations. Moreover the predicted analytical values of gripper pulling force agreed
reasonably with the empirically derived values. A proof of concept model of the gripper
successfully grasps a 185g object.
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I. Introduction

The robotic arm, which is a type of more ways a human hand can manipulate an

programmable mechanical manipulator similar
in functions to human arm wusually have
attached to its “Wrist” end a device commonly
referred to as ‘End-effector’. This is the part of
the robot that carries out the desired task of the
robotic arm [1]. The end-effectors may be
grouped into two; grippers or tools. The gripper

manipulates objects (payload) similar to one or
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object. Simple grippers are designed to hold and
release objects while the more dexterous ones
can go further in their abilities to pinch, roll and
rotate object between fingers. Some are
provided with tactile sensors which provides
feedback to the controlling computer while
of the

magnitude of tactile force they can applied to

others are programmed in terms
object. The core requirements of a robotic
gripper are ability to grasp broad range of
geometries, safety in use, adaptability, simplicity
and affordability [2]. Anthropometric grippers
mimic human hand in their topology while non-
anthropometric grippers has very little or no
to human hand.

resemblance In general,
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grippers are broadly categorised into two: Soft
robotic grippers and hard robotic grippers [3].
Hard (or traditional) robotic grippers consist of
rigid links and joints [2] and perform well in
grasping objects with a well-defined geometry
and compliance. Their main drawbacks are poor
gripping ability when grasping objects with
irregular shape or in-ability to passively adjust
force to delicate objects. Moreover, their rigid
surfaces and incompliant interaction with
objects makes hard grippers tends to deform or
even destroy fragile payloads [4]. Soft robotic
grippers were purposely designed to solve this
disadvantage inherent in rigid robotic grippers.
There are varieties of soft robotic grippers that
had been developed with each having a
uniqueness of its own, depending on how
grasping is to be achieved [3-8] with each having
its own weaknesses and strengths. Trends from
literature shows that more novel designs of
robotic grippers are a possibility and unique
varieties are still coming. These will provide in
the long run a pool of robotic gripper solutions
to robotic grasping problems from which
industries can choose and adapt to their unique
needs and requirements.

In this work, a novel light weight gripper based
on grasping action of holding an object in
between two strips of in-elastic flexible material
under tensile force is hereby presented. The
robotic gripper was designed to be light weight,
affordable, easy to assemble, disassemble, and
having mechanically minimal number of
components. The gripper has ability to hold
payload in passive (non-powered) mode, it only
requires power when picking and releasing
objects. It was intended to have broad
applications in industries where pick and place
robotic function is required in their automated
production systems.

II. Materials and Methods
A. The Concept

The design procedure follows the general
machine design format as laid out by [9]. The
idea for the gripping action of the robotic
gripper is as depicted graphically in Figure 1a.
The two PET (Polyethylene Terephthalate)
strips in parallel hold the object in between
them when the strip anchor is under the pulling
forces P. This action leads to a reaction force at
the object-strip interface. This in turn generates
frictional forces which will prevent the object
from sliding down under its own weight W.
With the strips held tight on the object due to
pulling forces P, the griper attached to a robotic
arm can then manipulate the object as long as
the magnitude of the weight does not exceed
the generated frictional forces. The choice of
PET as strip material was due to its good
physical and mechanical properties, as well as
good dimensional stability under variable load

[10].

B. Force analysis

Referring to Figures 1b and 1c which gives the
gripper concept in plan and elevated views, let
the pulling force on the PET strips be P (N), T
is the tension in the strips (N), W is the weight
(N) of the object; f is the fictional force (N)
between the object and one of the PET strips,
and M is the normal reaction (N) of the object
due to the tightening effect of the strips under
the effect of pulling forces. The object was
modeled as a cylinder (in practice it can be of
any shape) with radius r (m), a and b are angles
in degrees. Resolving forces at point A along x
axis and assuming the strips are inelastic;

P —2TCos a = 0 (Equilibrium condition) ..(1)

P

T=_——— . .. @)
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Figure 1: Conceptual (a) and force analysis
diagrams (b-d)

Resolving forces at point B along y axis:
1 — 2TCos b =0 (Equilibrium condition)

3)
T=—" (4

2Cos b

Combining Equations (2) and (4);
Cosa
PF=mn (Cnsh)'" ...... (5

In the elevation diagram in Figure 1c, resolving

forces along the vertical (z axis) direction;
2f -W =0(Equilibrium condition)...  ...(6)

For the gripper to be effective in object
grasping, 2f ZW. Hence the minimum frictional
force required to hold the object in grip is 2f =
W. But;

f =pm. (7

where p is the coefficient of static friction
between the PET strips and the object.

W=2um .. . RN )

mg, =211 ... N )

Where m is the mass (kg) of the object and g, is
the acceleration (ms®) which can be further
decomposed into (g +o) where g is acceleration
due to gravity and o is the acceleration due to
the movement of the robotic arm when the
payload is being manipulated. When the gripper
is grasping the payload without any movement
by the robotic arm to which it was attached, g,
= g. Substituting for 1 in Equation (5);

_ [Mga Cosa
p=( -2 (e e (10)
From geometry in Figure 1b;
Cozal _ /fOA/S
(E22) = S T
Let q be the distance between the two anchors

when the objects had been

gripped
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(corresponding to /OA/), and S corresponding
to /OB/, then;

f‘lDA.l.l _ E
0B/ _ a -(12)
Then Equation (9) became;
— [ Mfg g
P = [—J (3 B— (13)

Next, consider Figure 1d, the portion A-D1-
D1-A’ may be consider as a cantilever under
the load W/4, where W is the weight of the

payload. The stress 6 (N/m? induced in this
segment due to the bending action of force

W /4 is given by [2]:
My

o =
I

.(14)

Where M is the bending moment (Nm), y is
distance (m) from the neutral axis, I is the
Moment of inertia (m*) of the cross-section
about the neutral axis.

M= (W/4)(/A’DT’/)....... ..(15)
[ — th®

—. ..(16)

Where t is the PET Strip thickness, and b is the
strip width, with y = b/2, then combining
Equations (14) (15) and (16);
_ 3W/4D1Y/
2tb*
The implications of Equations (13) and (17)
from design point of views are as follows:

(17)

(i)The pulling force on the gripper PET strips is
directly proportional to the payload weight as
well as lengths of the PET strips.

(if) The pulling force is indirectly proportional
to the coefficient of friction between the
payload and the strips’ surfaces as well as the
physical width of the payload.

(i) The stress induced in the strip by the
payload due to the bending moment effect is
directly proportional to the payload mass and
the length of the PET strips and inversely
proportional to the thickness and width of the
strip.

88

C. Experiments

Two sets of experiments were carried out to (i)
validate the relationship of pulling force P with
the payload weight W with respect to coefficient
of static friction at the payload-PET strips
interface and the physical horizontal extent of
the payload; (ii) to demonstrate the proof of the
described in section IIA. The
schematic of the experimental rigs were as

COHCCpt as

depicted in Figure 2a and 2b respectively.

For analysis verification, a pair of plain PET
strips of length 150mm, width 30mm and
thickness 0.5mm were mounted on the rig
anchors A and C as shown in Figure 2a.

Pulley
String
Digital
balance

Payload

Experimental
board

Motor screw
Sleeve

DC actuator
motor
Rail

Slider
[
AnchorA —Anchor C
Payload PET Strip
Retort
stand

(b)

Figure 2: Experimental set-ups (a) Variation of
pulling force with payload mass,
payload physical size and interface
friction coefficients; (b) Proof of

concept rig.
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Two cylindrical PVC plastic containers of
external radii 32mm and 50mm respectively,
with identical height 70mm were used as the
payload. The cylinders were filled in turn with
known weights to attain different payload levels
of 45, 65, 85 and 105g. At each level the
cylinder was placed between the strips in the
expected gripping pose of the gripper. Then
anchor C was manually pulled via a string and
push-pull gauge (Eleoption SF-500 Digital pull
push gauge) until the payload is tightly secured
by the strips. The tension in the string was then
slowly reduced by gradually relaxing the manual
pull until the container just start to slide down
between the strips. The value of the minimum
pulling force required to secure the payload as
well as the payload mass was then recorded.

This procedure was repeated for the other
payload mass levels. The procedure was
duplicated for the two cylinders. Next, the inner
surfaces of the PET strips loop were overlaid
with very thin rubber strips of similar
dimensions. This was done in order to increase
the value of coefficient of friction between the
payload and the strips. The previous procedures
were then repeated for this new contact

surfaces.

Finally, a DC Motor with screw spindle to mate
with a hollow threaded sleeve was mounted
(Figure 2b) on the rig in order to move anchor
C coupled with the slider away from or towards
the fixed anchor A thereby gripping or releasing
the pay load. Four common objects of various
masses and shape were placed in the gripper
loop and the ability of the actuator motor to
hold and release the objects were observed and

reported.

ITI. Results and Discussion

The relationships between the payload weight
and the minimum experimentally determined
pulling force with respect to payload physical
size and nature of the payload PET strips
interface was as depicted in Figure 3a. As
predicted by Equation (13), there is a linear
relationship between the gripper pull (P) and
the payload weight (W). The mathematical
relationships for the empirically derived values
for P and W for the payload range 0.45N to
1.05N was as shown in Equations (18)-(21)

P =431W (R*=097)... ..(18)

(Payload cylinder diameter 33mm, gripper
plastic surface on payload plastic surface)
P =1.69W R’>=0.92)..... .. ..(19)

(Payload cylinder diameter 33mm, gripper
rubber surface on payload plastic surface)
P =135W R>=0.99)...... .. ...(20)

(Payload cylinder diameter 50mm, gripper
plastic surface on payload plastic surface)

P =1.13W R*>=0.99)..... .. ~(21)

(Payload cylinder diameter 50mm, gripper
rubber surface on payload plastic surface)

These results shows that coefficients of friction
between the payload/gripper interfaces as well
as payload physical size and weight determines
the magnitude of the minimum pull to be
exerted by the gripper as previously shown
analytically. From gripper design point of view,
the gripper surface material may be regarded as
a constant unlike the payload which is any
object that can be geometrically accommodated
by the gripper strips in-between them. The PET
Strips themselves are not expected to be
changed often. Thus the gripper strips should
be inelastic, flexible material with surface having
high coefficient of friction when in contact with
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Figure 3: (a) Relationships between gripper pull
and payload with respect to payload
physical size (in cylinder diameter) and
nature of the payload PET Strips
interface  (plastic indicates plastic-
plastic interface; rubber indicates

rubber (on PET strips)-plastic (payload

interface.  (b)

Relationship between the analytical

external  surface)

and empirical values of gripper pull for
a particular set of parameter values.

most common daily items expected as its
payload. The strips may be homogenous or
made of composite materials in order to achieve
the aforementioned properties.

Figure 3b shows the relationship between
analytical values obtained for P using Equation
(13) and the corresponding empirical values for
the parameters indicated on the Figure. The
mathematical relationship between the two for

payload range 0.45N to 1.05N with p taken as
0.4 for plastic on plastic [11] in the analytical
process is:

P, = 125P; (R*=097)... .. (22

Where P, and Py are analytical and empirical
values of P respectively. This expression
indicates that the theoretical relationship
(Equation 13) between the gripper pull and
payload weight can reasonably predict the
minimum pull necessary to grasp a particular
payload.

The design approach used in this present
robotic gripper was validated by constructing a
prototype based on the experimental rig
presented in Figure 2b. . The results obtained
indicated that the end-effector can perform
enveloping grasps for a variety of objects,
passively adapts to the shape of the object while
maintaining stable grasps and ability to hold
onto payload even when there is power cut to
the linear actuator. Figure 4 show the
demonstration prototype holding some familiar
objects. The maximum mass of payload
observed as being successfully grasped and held
by the proof of concept prototype was 185g.
This is within the range reported for soft
robotic grippers that adopted different design
approaches but with similar physical sizes [6-8,
12-14]. It is of note that the payload carrying
capacity of the demonstration prototype can be
increased simply by overlaying the PET Strips
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Figure 5: The Solidwork rendering of the
conceptual commercial version of the
robotic gripper (a) exploded view; (b)

Figure 4: Test for grasping different objects
with the robotic gripper: (a) tomato
(116g) (b) onion (151g) (c) Rubik cube L
(52g) and (d) insecticide can (185g) assembly perspective view
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at relatively cheap price. Hence, coupled with
the relatively few components the gripper
incorporated and the minimal mechanical
complexity, this will results into it ease of mass
production. The design also has intrinsic
scalability which ensures its production in
various sizes depending on the type of payload
it is intended for.

IV. Conclusion

This work successfully demonstrated the
possibility of using the idea of grasping action
of holding an object in between two strips of in-
elastic flexible material under tensile force
developed when pulled as a basis for the
development of a novel robotic gripper. The
minimum pull on the strips in order to grasp
objects was analytically and empirically shown
to be directly proportional to the payload mass
and the strips lengths. It is also inversely
proportional to the coefficient of static friction
between the payload-strips interface and the
horizontal extent of the payload. The robotic
gripper demonstration prototype constructed
successfully grasped a selected sample of
familiar objects with the maximum mass of
object grasped being 185g.

V. Acknowledgements

The authors wish to acknowledge the
of  Olatunijt
undergraduate student at the Department of

contributions Sobowale an
Mechanical Engineering, Osun State University
Osogbo Nigeria, in the aspect involving the
rendering of the technical sketches of the
machine components into working drawings
using Solidwork, as well as Mr Adeola Esho a
technologist in the Department of FElectrical
and Electronic, Osun State University Osogbo
Nigeria for the technical skill offered in the
setting up and fabrication of the experimental
rigs.

References

[1] Andrija, M., Sebastian, L., Zatko, C.,
and Heikki, H. A novel simple, adaptive and
versatile  soft-robotic compliant two-finger
gripper with an inherently gentle touch. Jouxrnal
of Mechanisms and Robotics, 2020, Vol. 13, No.1,

pp 1-41. https://doi.org/10.1115/1.4048752

(2] Siciliano, B., and Khatib, O. Robot
Hands. In Springer Handbook of Robotics;
Springer: New York, NY, USA, 2008; Chapter
15, pp. 391-392.

[3] Manti, M., Hassan, T., Passetti, G.,
D’Elia, N., Laschi, C. and Cianchetti, M. A
bioinspired soft robotic gripper for adaptable
and effective grasping. Soft Robotics, 2015, Vol.2,
No.3, pp107-116.
https://doi.org/10.1089/s01r0.2015.0009

[4] Loai, A.T., Nefti-Meziani, A.T.S., and
Davis, S. Design of a variable stiffness soft
dexterous gripper. Soft Robotics, 2017, Vol.4,
No.3, pp274-284.

[5] Georgopoulou,A., Vanderborght, B. and
Clemens, F. Fabrication of a soft robotic
gripper with integrated strain sensing elements
using multi-material additive manufacturing.
Frontiers in Robotics and AL, 2021, Vol. 8, Article
615991, pp1-16

(0] Yamada, K. and Mitsuda, T. A vacuum-
driven rubber-band gripper. Robomech Journal.
2021, Vol. 8, No.16, ppl-12.
https://doi.org/10.1186/s40648-021-00203-7

[7] Crooks, W., Vukasin, G., O’Sullivan, M.,
Messner, W. and Rogers, C. Fin Ray"“ effect
inspired soft robotic gripper: from the

RoboSoft grand challenge towards optimization.
Frontiers in Robotics and Al 2016, Vol. 3, No.70,

pp 1-9.

(8] Liu, C., Chiu, C., Hsu, M., Chen, Y. and

Chiang, Y. Topology and size-shape

Print ISSN 2714-2469: E- ISSN 2782-8425 UNIOSUN Journal of Engineering and Environmental Sciences (UJEES)

92


https://doi.org/10.1115/1.4048752
https://doi.org/10.1089/soro.2015.0009
https://doi.org/10.1186/s40648-021-00203-7

optimization of an adaptive compliant gripper
with high mechanical advantage for grasping
irregular objects. Robotica, 2019, Vol. 37, No.8,
pp 1383-1400

[9] Kayode, O., Adeleke, K., Alade, E.
Design of a Single Mast Retractable Carport
Canopy; Machine Design, Vol. 12, No.1, pp 15-20.
https://doi.org/10.24867/MD.12.2020.1.15-20

[10]  Sulyman, M., Haponiuk, J. And
Formela, K. Utilization of recycled polyethylene
Terephthalate in engineering materials: a review.

International Journal of Environmental Science and
Development. Vol. 7, No.2, pp 100-108.

[11]  www.tribology-abc.com>abc>cof
(accessed 17 April, 2023)

[12]  Yan, J., Xu, Z., Shi, P. and Zhao, J. A
human-inspired soft finger with dual-mode
morphing enabled by wvariable stiffness
mechanism. Sof? Robotics, 2022, Vol.9, No.2, pp
1-13. https://doi.org/10.1089 /sor0.2020.0153

[13]  Park, W., Seo, S. and Bae, J. A hybrid
gripper with soft material and rigid structures.
IEE Robotics and Automation Letters, 2019, vol. 4,
No 1, pp 65-72

[14]  Liu, C., Chen, T., Chiu, C., Hsu, M.,
Chen, Y. Pai, T., Peng, W. and Chiang, Y.
Optimal design of a soft robotic gripper for
grasping unknown objects. Soff Robotics, 2018,
Vol.5, No.4, pPp 452-
464.https://doi.org/10.1089/s010.2016.00237

Print ISSN 2714-2469: E- ISSN 2782-8425 UNIOSUN Journal of Engineering and Environmental Sciences (UJEES)

93


https://doi.org/10.24867/MD.12.2020.1.15-20
https://doi.org/10.1089/soro.2020.0153
https://doi.org/10.1089/soro.2016.00237

94

SUPPLEMENTARY MATERIALS

Below are detailed drawings for the fabrication of a commercial version of the robotic gripper:
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