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Abstract

Bio-inspired soft-robots arenowadays found their place inmanyapplicationsdue to itsflexibility,

compliance andadaptivity tounstructuredenvironment.Themain intricatepart of suchbio-inspired soft

robots are softpneumatic actuators (SPA)whichreplicateormimic the limbsandmuscles.The soft actuators

arepneumatically actuatedandprovidebendingmotion inmost cases.However,manyengineering and

medical applicationsneedaxially expanding soft pneumatic actuators todealwithdelicateobjects.Various

studieshaveput forwarddesigns for SPAwithaxial deformation, but themajorityof themhave limited axial

deformation, constrainingmotionand less overall efficacywhich limit the scopeofutilization.The common

practice to enhance the axial deformationof SPA isby incorporatingdirectionally customized reinforcement

usingfibresorbyothermeans like yarns, fabrics, etcThese typesof reinforcements are generally embedded

toSPAduring fabricationandmaynothave capability for any correctionormodification later onhence lack

the customization.Thispaperpresents anovelmethodof radial reinforcement for the enhancementof axial

deformationof SPAswithprovisionof customization.Thepresent studyaims to enhance and/or customize

the axial deformationof SPAby incorporating external anddetachable reinforcement in the formof annulus

shapedcap ring.The investigation encompasses thedesignandattachmentof fourdistinct cap ring

geometries toSPAatdifferent locations. Experimental results affirmthat cap ring reinforcementbolster the

radial stiffness, curbing lateral deformationwhilepermitting axial deformationof soft pneumatic actuators.

Outof 64distinct configurations, theonewith full reinforcement, featuring four cap ringsofmaximumsize,

yields a remarkable 169%increase inpure axial deformationcompared tounreinforcedcases. It is also

observed that byvarying thenumber andplacement locationsof cap rings thepure axial deformationcanbe

customized.Thisnovel insightnotonlypropels soft pneumatic actuation technologybut alsoheralds

prospects forhighly agile andversatile robotic systemswhichcanbeused inmedical, prosthetics,

pharmaceutical andother industries.

Abbreviations and nomenclature

Abbreviations

SPA Soft Pneumatic Actuator

LSR Liquid Silicone Rubber

PLA Polylactic acid
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Nomenclature

θE Effective arc angle

CR40 Cap ringwith effective arc angle of 40°

CR60 Cap ringwith effective arc angle of 60°

CR80 Cap ringwith effective arc angle of 80°

CR100 Cap ringwith effective arc angle of 100°

αa Axial dimension of deflated SPA

αl Lateral dimension of deflated SPA

βa Axial dimension of Inflated SPA

βl Lateral dimension of Inflated SPA

εa Axial deformation (βa – αa)

εl Lateral deformation (βl – αl)

λ Ratio of axial deformation (εa) to lateral deformation (εl)

C Configuration

D/XXXX Configuration label

1. Introduction

Soft Pneumatic Actuators (SPAs) have emerged as a promising technology in the field of robotics and

bioengineering, owing to their inherent compliance, lightweight nature, and ability tomimic themovement and

dexterity of biological systems. SPAs are typically composed of elastomericmaterials [1, 2] and rely on the

inflation and deflation using air or otherfluid to achievemotion. The recent development of SPAs for soft

roboticsmajorly focusing onmaterials, construction,modelling, control systems and sensors [3].

Currently,many applications are embracing SPAs. In recent research [4], a soft robotic hand exoskeleton has

been introduced that featuringfive individually actuated digits, aiding individuals in piano play. They employed

integrated tactile sensors alongsidemachine learning algorithms to differentiate accurate renditions of a song

from incorrect ones. In a similar vein, researchers [5] proposed a soft pneumatic robotic digit comprising

pneumatic bellows actuators,mimicking biological joints. Their study focused on achieving specificfinger

movements. A ground breaking design [6]has been detailed for aflexible robotic hand, employing pliable

actuators capable of adapting to diverse grasping requirements. Another innovative contribution comes from

the study [7], of a universal soft pneumatic gripper encompassing four bending actuators and aflexible wrist. A

soft robot handwithfingertip haptic feedback [8] has been proposed for teleoperation to perform complex tasks

and ensure safe and friendly human-machine interaction. This robotic hand can perform fingerflexion/

extension and abduction/adductionmotions. In the realmof physical human-robot interaction, [9] air-filled

materials were utilized to investigate vertical and horizontal force estimation. Inspired by the anatomical

structure of octopus arms, a prototype robot arm [10] has been introduced composed of soft actuators, enabling

fundamental octopus-likemovements such as elongation, shortening, and bending. In the domain of adaptable

stiffness, a novel soft robot armdesign [11] has been introduced, capable of independently adjusting stiffness

irrespective of spatial positioning. Study [12] has been conducted for the contribution to the fieldwith a silicone-

based climbing robot that emulates the locomotion of an octopus. Due to their extensive range of potential

applications, researchers have shown a growing interest in SPAs. Several researchers have put forth various

design andmanufacturingmethods to advance this field. A novel soft fluidic elastomer actuator [13] has been

introduced that achieves three degrees of freedom in omnidirectionalmovement: bending, elongation, and

contraction. Research [14] has been focused on the kinematicsmethodology of SPAs, offering a comprehensive

approach tomodelling these actuators while considering diverse design parameters. In a unique direction, work

[15] has been explored for a robot’s design that operates without external power sources like electricity or air

compressors. This robot relies solely on the temperature gradient between the ground and the air to facilitate its

movement on the ground. A study [16] has been presented on the impact of geometrical shapes on the axial

deformation of soft pneumatic actuators, shedding light on the role of design in actuator performance. This type

of axially deforming SPA is incorporated in an amphibiousmobile robot to generate a rowing action

underwater [17].

Challenges [18] have been addressed for directional and operational pressure by developing a pneumatic soft

actuator encased in silicone rubber, referred to as a sponge core soft rubber actuator. An innovative design

involving 3Dprintable robotic ball joints [19] has been contributed capable of creating adjustable stiffness
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linkages between robot links through pneumatic actuation. This ball joint can swiftly lock the inner ball’s

position and orientationwithin the socket using pressurized air with its soft pneumatic elastomer actuator. In a

biomimetic approach, a new design [20]has been discussed in the formof pneumatic single-channel and

double-channel actuators inspired by the expansion and contraction of aworm’s somites. These actuators offer

multi-movement capabilities and high environmental adaptability. Fluid-powered fibre-reinforced actuators

[21] have been devised,mirroring the intricatemovements of the index finger and thumb.Numerous

researchers [22–35] havemade significant contributions in various areas, showcasing their remarkable work.

Upon reviewing existing literature, it is understood that SPAs have established their significance across

numerous practical applications, owing to the advantages they bring forth [36]. Nevertheless, certain challenges

[36] hinder the seamless utilization of SPAswithin specific applications. Among these challenges, a primary

concern involves attaining the intended deformation patterns to achieve the desired range ofmotion.

Furthermore, the confined axial deformation capacity poses limitations on the overall functionality in some

practical scenario. To address these issues, numerous researchers have endeavoured to enhance the desired

deformation andmotion characteristics of SPAs by implementing diverse reinforcement strategies.

Coils [37]have been incorporated into the soft actuatorwhilemolding to amplify its bending deformation

capabilities. An anisotropic layer [38] has been introducedwithin conventional Dielectric Elastomer Actuators

to interlink bending and twisting deformations, optimizing the fibre spacing and orientationwithin this layer.

An innovative circular pressure chamber geometry with dense fibre-based reinforcement [39] has been

proposed to enhance actuator performance. A solution [40] has been presented by involving chamber

reinforcement tomitigate ballooning effects and ensure uniformbending in SPAs. A novel three-air-

chambered, fibre-reinforced soft actuator, specifically designed [41] to enhance gripping inwearable hand

rehabilitation devices. Afibre-reinforced dielectric elastomer tension actuator [42] has been extensively

examined under various loading conditions. Nguyen et al [43] have introduced a 3-chambered elastomeric

actuator fortifiedwith fibres and stretch sensors. Researchers [44] have innovated a soft actuator featuring a

moldedwooden chamber andfibre reinforcement, tailored for gentle gripping applications. A separate study

[45] has beenmeticulously done for determining optimalfibre orientations for each constant curvature (CC)

segment, contributing to the design of bending actuators. Investigation [46] has been carried out for the

constricting behaviour of contracting fibre-reinforced elastomeric enclosure actuators arranged in a spiral

configuration around cylindrical object. Themodelling and fabrication of soft actuators [47] has been presented

based onfibre-reinforced elastomeric enclosures, particularly focusing on a cylindrical actuator enveloped by a

double helical fibre arrangement. A novelfibrewinding technique [48] has been introduced for tendon

actuators, enhancing both bending efficiency and output force. Inspired by hydraulic joints in spider legs, a

study [49] has been proposed for aflexible joint actuator reinforcedwith fibres, offering advantageous rotational

capabilities.

The analysis of existing literature underscores the positive impact of incorporating fibre reinforcement on

the deformation characteristics of SPAs.Nevertheless, the application offibre reinforcement demands

specialized expertise, as itmust be precisely administered to impart the desired stiffness and deformation

direction to the SPA. This process necessitates accurate implementation during themolding stage, leaving

limited room for subsequent adjustments. Furthermore, the improvement in axial deformation achieved

throughfibre reinforcement is comparativelymodest in comparison to the gains observed in bending

deformation. To unlock broader potential applications and elevate overall performance, there arises a need for

advancing the pure axial deformation capabilities of SPAs through innovative forms of external reinforcement.

This approach not only streamlines the SPA design but also offers ease of implementation, replacement, and

modification to achieve the desired deformation outcomes.

The present study aims to address an experimental investigation on the enhancement in pure axial

deformation of soft pneumatic actuators with externally provided annulus shaped cap ring reinforcement. The

researchwill involve conducting deformation tests on actuators with andwithout the cap ring reinforcement,

measuring their axial and lateral deformation under pneumatic pressure with varied number of cap rings and

the varied placement of cap rings. Furthermore, a geometrical parametric analysis will be performed to

determine the suitable cap ring configuration thatmaximizes the actuator’s pure axial deformation. The

nuanced results from the 64 different SPA configurations that we tested showhigh capability for customizable

actuator applications. As soft robotic design principles are still not a fullymature science, there is uncertainty in

the SPAperformance characteristics after fabrication. These results showpotential for controlling axial and

lateral deformation to compensate for uncertainty in the design process. Furthermore, ourmultifaceted data

show that one actuator could be used formultiple applications with simplemodifications to the location, size,

and number of rings utilized. This could be profoundly useful in numerous areas ranging from tooling

operations for industrial robots tominimally invasive surgical procedures.

The second section of this paper describes the design of SPA and cap rings with their variance and also

discuss the fabrication process. The details of experimental set up and design of experiment is discussed in third
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section. The experimental observations are also listed in this section. In section four the results are plotted and

discussed. Useful conclusions are drawn and discussed in the last sectionwith possibility of future extension of

thework.

2.Materials andmethods

During operation, SPAundergoes different kinds of deformation like bending, axial or lateral based on the

application. The pattern of deformation can be achieved through systematic geometrical design of SPA.

2.1.Design of SPA

In the previous study [16] it is observed that internal and external geometrical shape of the air chambers

significantly affect the deformation pattern andmagnitude. The study [16] also reveals that the geometrical

design of SPA as shown infigure 1(a) is themost promising shape to achieve the axial deformation of SPA. The

structure comprises four axially arranged identical segments, shaped like buttons, with a capsule-shaped cross-

section and spaced by cylindrical segments as illustrated infigure 1(b). The outermost radius of the button

shaped segment is 20mmwhile the inner radius is 16mm, leads to thematerial thickness of 4mm.The radius of

curvature for button shaped segment is in accordance with the thickness of thematerial i.e., 6mm for outer

profile and 2mm for inner profile and hence the height of the cavity inside the button shaped segment is 4mm.

The inner and outer radii of cylindrical shaped segments are 10mmand 14mmrespectively while the height of

this segment is kept as 4mm.These dimensions are decided considering themanufacturing feasibility of SPA for

experimentation.

The topmost button shaped segment is closed from the topwhile the bottommost button shaped segment is

providedwith an extended hollow cylindrical segment with outer radius of 7mmwhile the inside hole is

designed as convergent conical nozzle withmajor radius of 4mmandminor radius of 3mm.The convergent

hole is specifically designed to attach the connector for the concentrated and directed air in-flow.

For the present study, where themajor objective is to achievemaximumpossible axial deformation, the

materials should beflexible enough to provide large deformation for the applied pressure load.On the other

hand, it should also provide sufficient strength towithstand the internal pressure load aswell as external load

Figure 1.Design of SPA (a) 3Dmodel of SPA, (b) detail dimensions and cross section view (All dimensions are inmm).
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when put into operation. As per themanufacturer’s catalogue, the SILOCZEST LSR-115 [50]material is the

most appropriate LSRwith the properties listed in table 1. It has shore hardness of 15Awhich provides enough

strength towithstand the internal pressure and alsoflexible enough to exhibit the large deformation. In addition,

there is no requirement of degassing before pouring, during 20 to 30 min of pot life, and it has 5–8 h of

reasonable cure time.

The SPA is fabricated in two stagemolding process. Threemolds and a core are 3Dprinted (Creality Ender-3

MAX3Dprinter) using Polylactic acid (PLA)material with 100%filling (figure 2(a)). In stage 1,Mold 1 and

Mold 2 are assembled keeping corewithin andfixedwith an adhesive tape for thefitment (figure 2(b)). The open

joints are appliedwith temporary glue to prevent the leakage of LSR. The LSR is prepared bymixing part A and

part B in 1:1 proportion by volume and stirring itfirmly until the homogeneousmixture is prepared. The

prepared LSR is kept for approximately 5 min for degassing it naturally and then poured into themold assembly

(Mold 1 andMold 2) as well as inmold 3 (figure 2(c)). Thefilledmold is allowed to rest for 7 to 8 h for curing

(figure 2(d)). After curing themold assembly is detached and the semi-finished SPA is un-molded and core is

also removed (figures 2(e) and (f)). In stage 2, a thin layer of LSR is applied on already cured part ofmold 3 and

the upper part of actuators is placed vertically over it (figure 2(g)). After curing time, themold 3 is detached and

the complete SPA is ready for the experiments (figure 2(h)).

2.2.Design of reinforcement cap rings

The cap ring is designed in the formof thin annulus with uniform thickness of 1mm, inner radius and outer

radius of 20mmand 21mm respectively as shown infigure 3(a). The inner radius of the cap ring is decided such

that the ring can befit over the button shaped segment of the SPA externally. The height of the ring is decided

based on the ring curvature angles. For the present study, four different effective arc angles are considered i.e.,

40°, 60°, 80° and 100° as shown infigure 3(b) and accordingly four different cap rings are designed and

Figure 2. Fabrication of SPA (a) 3Dprintedmolds, (b)mold assembly, (c) pouring LSR into themold assembly, (d) curing time,
(e)& (f) un-molding the SPA in two parts, (g) stage 2 curing, (h)final SPA. (The grid spacing on graph is 5mm).

Table 1.Material properties of liquid silicon
rubber (LSR) used in SPA [50].

Material SILOCZEST LSR-115

ShoreHardness 15A

Viscosity 3600± 1000 cps

Density 1.11 gm cm−3

Pot life 20–30 min

Cure Time 5–8 h

Tensile strength 3.82MPa
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fabricated namely CR40, CR60, CR80 andCR100with height of 5.45mm, 7.5mm, 9.36mmand 10.96mm

respectively.

It is experimentally observed that the height of the ringwith effective arc angle less than 40° becomes too

small and hence itmay not provide proper surface area for reinforcement and hence not consider in the present

study.On the other hand, the cap ringwith effective arc anglemore than 100°has larger height that coversmore

surface area for reinforcement andmay restrict the axial deformation. Due to these reasons the arc angle

variations are consideredwithin 40° to 100°. The cap rings are attached on the SPA externally at the button

shaped region as shown figure 4 such that the central bisecting horizontal plane of button shaped segment and

that of cap ring align to each other. The internal diameter of the cap rings is so selected that itfits firmly on the

external surface without any aid of adhesive. Here, it is to note that there is total four segments overwhich the

cap ring can be reinforced. Out of four, the bottommost button shaped segment has a bit different external

profile as seen infigure 4. For the bottommost segment, the half segment of the designed cap ring is used for the

reinforcement such that itmatches the external profile of the button shaped segment.

2.3. Experimental investigation

To study the effect of cap ring reinforcement on the pure axial deformation of SPA the experimental set up is

prepared as shown infigure 5. Themajor components are connectors (Brand SHOPEE,Universal Fit type, 13

mmdiameter), digital air pump (MIportable electric air compressor, pressure range 20–995 kPa), ruler and

graph papers (figure 5(a)). The SPA is connected to air pumpusing connectors for inflation (figure 5(d)).

It is considered that the size of cap ring, number of cap rings and placement (location) of cap rings plays

important role and affect the pure axial deformation of SPA. Experiments are designed considering four

different sizes of cap rings and four different locations of cap ring fittings. For ease of record keeping each

experiment is designated by a label in the format likeD/XXXX,whereD represent the value of cap ring effective

arc angle i.e., 40°, 60°, 80° and 100°, while XXXX stands for binary representations that shows number and

location of cap ring. EachX corresponds to the one button shaped segment from top to bottom and assumed

value 1 or 0 showing the presence or absence of cap ring respectively on that segment (figure 6). As there are four

segments available for reinforcement, total of 24= 16 different configurations are possible for each of the cap

ring arc angle as listed in table 2.Hence all together 64 configurations are experimented to check the effect of cap

ring reinforcement on axial deformation of SPA. It is important to note that all these configuration cases are

experimented using the single SPA to avoid the error arises due tomanufacturing ormaterial properties and

hence itmaintains the consistency and uniformity in all the experiments.

During the experiments, initially the deflated SPAwithout any cap ring attachment ismeasured for its axial

dimension (αa) and lateral dimensions (αl) and recorded as 60mmand 40mmrespectively. Next, this SPA

Figure 3.Cap ringwith different effective arc angle (θE), (a) Solidmodels and drawings of cap rings, (b)Effective arc angle of cap ring
(c)Actual images of 3Dprinted cap rings (All dimensions are inmm).
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without any cap ring is inflated up to 0.2 bar (20 kPa) pressure using air pump. The axial (βa) and lateral (βl)

dimensions after inflation aremeasured and recorded. Then the SPA is deflated by releasing the air pressure.

Once the SPA is back to its initial deflated state with original dimensions, then the cap ring configurations are

prepared subsequently in the sequence shown in table 2 for one size of cap rings. Each time the post-inflation

image is captured and the dimensions aremeasured using an open online tool [51]. The process is repeated for all

sizes of cap rings andmeasurements are recorded.Here, themajor focus is to know the effective change in axial

deformation of SPAon the application of cap ring reinforcement at every combination of places on SPA. For

that, axial deformation (εa) and lateral deformation (εl) is calculated for each configuration and listed in table 3.

εa=βa− αa=Axial deformation,mm;

εl=βl− αl= Lateral deformation,mm;

Figure 4.Concept of implementation of cap ring reinforcement.

Figure 5.Experimental setup (All dimensions are inmm).
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The ratio of axial deformation (εa) to lateral deformation (εl),

l
e
e

e= = >
Axial deformation

Lateral deformation
, where 1 ,

a

l

l( )

represent the effective axial deformation of SPA and hence it is the significant parameter to study the effect of cap

ring reinforcement. It is obvious to understand that the higher value ofλ represent themore axial deformation

per lateral deformation.Hence the objective of the present study is tofind the cap ring configuration that

provides the highestλ value.

3. Results and discussion

As explained in the preceding section, a comprehensive set of 64 experiments was conducted on a single SPA,

incorporating diverse configurations of cap ring reinforcement. The purpose was to assess the impact of

reinforcement on effective axial deformation. The outcomes are presented infigure 7, showcasing the post-

inflation conditions of various SPA configurations subjected to a pressure of 20 kPa. Evidently, the presence of

cap ring reinforcement prominently constrains lateral deformation. A noticeable trend emerges: segments

lacking cap ring reinforcement exhibit greater inflation compared to thosewith cap rings. This observation

underscores the effectiveness of cap rings as ameans of reinforcement inmitigating lateral deformation.

Figure 6.Configuration’s labelling illustration.

Table 2.Number of configurations for SPAwith 4 segments.

SrNo. Number of cap rings Configuration (C)

1 0 0 0 0 0

2 1 1 0 0 0

3 1 0 1 0 0

4 1 0 0 1 0

5 1 0 0 0 1

6 2 1 1 0 0

7 2 1 0 1 0

8 2 1 0 0 1

9 2 0 1 1 0

10 2 0 1 0 1

11 2 0 0 1 1

12 3 1 1 1 0

13 3 1 1 0 1

14 3 1 0 1 1

15 3 0 1 1 1

16 4 1 1 1 1
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Table 3.Experimental observations for SPAwith different configurations.

SrNo C βa (mm) βl (mm) εa (mm) εl (mm) λ SrNo C βa (mm) βl (mm) εa (mm) εl (mm) λ

1 40/0000 147.92 78.02 87.92 38.02 2.31 33 80/0000 147.92 78.02 87.92 38.02 2.31

2 40/1000 164.12 87.56 104.12 47.56 2.19 34 80/1000 165.25 82.38 105.25 42.38 2.48

3 40/0100 177.12 91.89 117.12 51.89 2.26 35 80/0100 178.73 88.56 118.73 48.56 2.45

4 40/0010 171.35 84.94 111.35 44.94 2.48 36 80/0010 173.18 81.23 113.18 41.23 2.75

5 40/0001 166.01 86.18 106.01 46.18 2.30 37 80/0001 167.77 84.37 107.77 44.37 2.43

6 40/1100 166.24 86.36 106.24 46.36 2.29 38 80/1100 170.17 83.34 110.17 43.34 2.54

7 40/1010 174.49 85.34 114.49 45.34 2.53 39 80/1010 176.87 82.75 116.87 42.75 2.73

8 40/1001 159.47 84.74 99.47 44.74 2.22 40 80/1001 165.06 83.89 105.06 43.89 2.39

9 40/0110 176.95 72.91 116.95 32.91 3.55 41 80/0110 180.47 72.78 120.47 32.78 3.68

10 40/0101 174.27 90.2 114.27 50.2 2.28 42 80/0101 177.39 86.24 117.39 46.24 2.54

11 40/0011 156.64 83.89 96.64 43.89 2.20 43 80/0011 170.01 81.28 110.01 41.28 2.66

12 40/1110 187.57 77.28 127.57 37.28 3.42 44 80/1110 189.57 70.23 129.57 30.23 4.29

13 40/1101 167.23 81.53 107.23 41.53 2.58 45 80/1101 175.67 80.23 115.67 40.23 2.88

14 40/1011 166.8 83.5 106.8 43.5 2.46 46 80/1011 170.87 82.12 110.87 42.12 2.63

15 40/0111 174.81 71.25 114.81 31.25 3.67 47 80/0111 178.12 69.16 118.12 29.16 4.05

16 40/1111 188.44 67.57 128.44 27.57 4.66 48 80/1111 195.27 65.69 135.27 25.69 5.27

17 60/0000 147.92 78.02 87.92 38.02 2.31 49 100/0000 147.92 78.02 87.92 38.02 2.31

18 60/1000 164.91 87.33 104.91 47.33 2.22 50 100/1000 165.78 80.52 105.78 40.52 2.61

19 60/0100 177.63 89.25 117.63 49.25 2.39 51 100/0100 179.08 87.4 119.08 47.4 2.51

20 60/0010 172.33 83.67 112.33 43.67 2.57 52 100/0010 173.70 79.86 113.7 39.86 2.85

21 60/0001 166.46 85.45 106.46 45.45 2.34 53 100/0001 168.15 84.05 108.15 44.05 2.46

22 60/1100 168.49 85.67 108.49 45.67 2.38 54 100/1100 173.58 82.36 113.58 42.36 2.68

23 60/1010 175.62 83.93 115.62 43.93 2.63 55 100/1010 179.42 80.32 119.42 40.32 2.96

24 60/1001 161.59 84.55 101.59 44.55 2.28 56 100/1001 168.25 82.82 108.25 42.82 2.53

25 60/0110 178.13 72.82 118.13 32.82 3.60 57 100/0110 183.37 70.71 123.37 30.71 4.02

26 60/0101 175.47 87.37 115.47 47.37 2.44 58 100/0101 180.73 81.36 120.73 41.36 2.92

27 60/0011 167.04 82.69 107.04 42.69 2.51 59 100/0011 175.81 81.16 115.81 41.16 2.81

28 60/1110 188.90 72.98 128.9 32.98 3.91 60 100/1110 191.23 66.07 131.23 26.07 5.03

29 60/1101 174.25 81.18 114.25 41.18 2.77 61 100/1101 180.03 79.82 120.03 39.82 3.01

30 60/1011 169.63 83.04 109.63 43.04 2.55 62 100/1011 174.00 80.51 114 40.51 2.81

31 60/0111 176.91 70.18 116.91 30.18 3.87 63 100/0111 186.78 69.08 126.78 29.08 4.36

32 60/1111 192.01 66.8 132.01 26.8 4.93 64 100/1111 202.32 62.87 142.32 22.87 6.22
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3.1. Effect of cap ring geometry

Figures 7(a) through (d) respectively depict inflated SPAs reinforcedwith cap rings of varying effective arc

angles: 40°, 60°, 80°, and 100°. Each top row infigures 7(a)–(d) illustrates an inflated SPAwith a single cap ring

positioned at different locations. Similarly, the second and third rows portray inflated SPAswith two and three

cap rings, respectively. Notably, the leftmost image in each top row represents an inflated SPAdevoid of cap

rings, while the rightmost image in each third rowdepicts an inflated SPA featuring four cap rings. The impact of

cap ring placement on reinforcement against lateral deformation is clearly evident from figure 7.However, it is

worth noting that the positioning of the cap ring also influences axial deformation.

Detailed dimensions of the inflated SPA, includingβa andβl, alongside axial (εa) and lateral (εl) deformation,

as well as the deformation ratio (λ), are presented in table 3. Interestingly, theλ value for the SPAwithout a cap

ring is recorded at 2.31, serving as the baseline for comparison.Within table 3, not all instances of cap ring

configurations yieldλ values higher than this baseline of 2.31. This observation highlights that the advantageous

effect of cap ring placement is not universally applicable across all configurations. The specific dimensions of

the cap ring, their number, and the attachment location all contribute to significant variations in the resulting

λ values.

Figure 8 illustrates the relationship between axial deformation, lateral deformation, and theλ ratio across

various effective arc angles (θE) of cap rings. The results highlight distinct behaviour among different cap ring

types. Specifically, when comparing cap rings, CR40 exhibits the least axial deformation and the greatest lateral

deformation across all configurations, resulting in the lowestλ value. Conversely, CR100 displays the highest

axial deformation and the lowest lateral deformation in each configuration, leading to the highestλ value.

Figure 7. Inflated SPA of different configuration.
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Furthermore, a consistent pattern emerges: as the effective arc angle of the cap ring increases, so does theλ value.

This trend remains consistent across all cases examined.

3.2. Effect of cap ring locations

Besides the effective arc angle of the cap ring, the positioning of the cap ring also has a substantial impact on the axial

deformationof the SPA (as demonstrated infigure 9). In a scenario involving a single cap ring (figures 9(a)–(c)), the

greatest axial deformation (εa)occurswhen the cap ring is situated at the second top segment, specifically

configuration0100 (seefigure 9(a)).However, this same configuration results in thehighest lateral deformation (εl)

aswell (refer tofigure 9(b)), leading to a comparatively lower effective deformation ratioλ (depicted infigure 9(c))

compared to other configurationswith a single cap ring. The configurationwith the highestλ ratio is identified as

0010,where the cap ring is attached to the third top segment. In the scenario of two cap rings, the configuration

Figure 8.Effect of configurations and effective arc angle.
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yielding the highest axial deformation (εa) is 0110 (as shown infigure 9(d)), involving the attachment of cap rings to

bothmiddle segments. Interestingly, this configurationdisplays the least lateral deformation (εl) (refer to

figure 9(e)), consequently resulting in the highestλ value, as illustrated infigure 9(f). Similarly, for the three-cap ring

configuration (figures 9(g)–(i)), themaximumλ value is observedwith the 1110 configuration,where twomiddle

segments, alongwith one top segment, are reinforcedwith cap rings. Considering all the cases, it becomes evident

that the third segment from the topholds significant importance, as reinforcing this segment enhances theλ value,

particularlywhen theupper segments are also reinforced in instances involvingmore thanone cap ring.

3.3. Effect of number of cap ring

Figures 10(a) through (c) exhibit the axial deformation, lateral deformation, andλ ratio for varying

configurationswith an increasing number of cap rings, progressing from top to bottom. Conversely,

figures 10(d) through (f) illustrate the same trends, butwith the number of cap rings increasing frombottom to

top.Notably, it is observable that augmenting the count of cap rings enhances theλ value, contingent on the

positioning of previously reinforced cap rings. However, the sequence inwhich the cap ring reinforcement is

applied also holds significant influence. A comparison between figures 10(c) and (f) highlights this point. In the

case of a CR100 cap ring, the 1000 configuration provesmore effective than 0001 since it yields a higherλ value

when dealingwith a solitary cap ring. Similarly, for scenarios involving two cap rings, the 0011 configuration

surpasses the 1100 configuration concerning a higherλ value. This distinction arises due to the presence of

reinforcement at the third segment, which has been identified as themost crucial segment. For the situation

involving three CR100 rings, the 1110 configuration prevails over the 0111 configuration.However, themost

notable outcome is achievedwith the reinforcement of four cap rings, which yields the optimal results and

highestλ value across all cap ring sizes.

The configuration involving the reinforcement of four cap rings, denoted as 1111, stands out as themost

effective among all configurations in terms of achieving the highest deformation ratio for cap rings of various

sizes. Illustrated infigures 11(a) through (d), this configuration showcases the considerable enhancement in

Figure 9.Effect of cap ring locations (a) εawith one cap ring, (b) εlwith one cap ring, (c)λ for one cap ring, (d) εawith two cap rings, (e)
εlwith two cap rings, (f)λ for two cap rings, (g) εawith three cap rings, (h) εlwith three cap rings, (i)λ for three cap rings.
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pure axial deformationwhen compared to the scenario with no cap rings, for four different cap ring sizes: CR40,

CR60, CR80, andCR100.When all four rings of CR40 size are incorporated, the axial deformation experiences a

notable increase of 46.09%, accompanied by a reduction of 27.49% in lateral deformation. This combination

results in an impressive overall gain of 101.46% in pure axial deformation. Similarly, for CR60 cap rings, the

Figure 10.Effect of number of cap rings (a) εa, (b) εl and (c)λ for increasing cap rings from top to bottom; (d) εa, (e) εl and (f)λ for
increasing cap rings frombottom to top.

Figure 11.Overall%gain in pure axial deformation (λ), (a)CR40, (b)CR60, (c)CR80, (d)CR100.
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axial deformation escalates by 50.15%, complemented by a decrease of 29.51% in lateral deformation. This leads

to a remarkable overall gain of 113.01% in pure axial deformation. The reinforcement of CR80 cap rings yields a

substantial 53.86% increment in axial deformation, coupledwith a reduction of 32.43% in lateral deformation.

This results in a substantial overall gain of 127.70% in pure axial deformation. Following a similar pattern, the

CR100 cap ring reinforcement leads to a remarkable 61.87% increase in axial deformation, while concurrently

reducing lateral deformation by 39.85%. This outstanding performance culminates in an impressive overall

improvement of 169.11% in pure axial deformation. Evidently, the configuration employingCR100 cap rings

with the 1111 arrangement emerges as themost superior among all the experimented configurations. It offers

themost significant enhancement in pure axial deformation, underlining its effectiveness inmaximizing

deformation ratios for the given cap ring sizes.

4. Conclusion

This study investigates the impact of cap ring reinforcement on the deformation of LSR-based SPAswith a shore

hardness of 15A. Cap ring reinforcement emerges as a cost-effective and easily implementable solution. To

comprehensively analyse its effects, 64 distinct configuration cases weremeticulously tested. These

configurations encompassed a range of factors, including the number of rings (ranging from0 to 4), ring

placement (across 4 different locations), and variations in ring size. The results underscore the noteworthy

reduction in lateral deformation brought about by cap ring reinforcement, highlighting its advantageous nature.

However, the investigation also revealed that the specific arrangement and count of cap rings play pivotal roles in

achieving optimal customized outcomes. One key conclusion drawn is that augmenting the count of cap rings

corresponds to an increase in pure axial deformation, quantified by theλ ratio. Notably, the segment positioned

third from the top is of paramount importance for effective reinforcement, particularly when other upper

segments are similarly reinforced in cases involvingmultiple rings. However, the equal size of reinforcement to

all the four segments results themaximumpure axial deformation out of all experimented configuration

Additionally, the study observes a correlation between the cap ring’s effective arc angle and theλ ratio.

Notably, the CR100 cap ring demonstrates the highestλ ratio among all tested sizes. This experimental

exploration underscores the advantageous nature of cap ring reinforcement for enhancing pure axial

deformation in SPAs, provided it is applied at the appropriate location, with a suitable arc angle, and in an

optimal number. Furthermore, the cost-effectiveness of cap ringmanufacturing and its straightforward

implementation requiring no additional adhesive adds to its appeal. The proposed SPAwith cap ring

reinforcement is a versatile innovationwhich can be used in certain applications wherein axial deformation or

linearmotion of SPA are desired for example, prosthetic limbs, surgical tools, harvesting and plant care,

rehabilitation devices, etc This study lays the groundwork for further extensions, such as investigating diverse

cap ring designs, optimizing the cap ring’s arc angle formaximal pure axial deformation, varying the SPA’s shape

to further enhance performance, and exploring alternative reinforcement techniques for even greater

deformation.
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