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Abstract 

Innovative soft robotic grippers, such as granular grippers, enable the automated handling of a wide spectrum 
of different geometries, increasing the flexibility and robustness of industrial production systems. Granular grippers 
vary in their design as well as in their configuration, which affects the specific characteristics and capabilities regard-
ing grippable objects. Relevant aspects are the selection of granulates and membranes, as they affect the deform-
ability. This influences the achievable gripping forces, which vary with the gripped objects geometry. On the basis 
of experimental studies, the modeling of interpolations as well as through experimental validations, the present 
research investigates the influences of different configurations on the achievable gripping forces for a specific 
concept of an innovative vacuum-based granular gripper. Specifically, the focus lies on design as well as configura-
tion parameters, which could influence the achievable gripping force. Influencing parameters are determined based 
on a literature review of similar gripping concepts. Various adjustment possibilities are identified, such as materials 
of granulates or membranes. The possible configuration options are experimentally analyzed with a one-factor-at-a-
time approach. The possibility of modelling the effects of their interrelations on the achievable gripping force is exam-
ined with approaches for linear models and compared to interpolations based on Machine Learning. Especially 
the granulate filling level and the membrane configuration exhibit the largest influences, which were best predicted 
with the approach based on artificial neural networks. A selection of an optimized gripper configuration for a speci-
fied object set as well as possible further developments such as a continuous expandability of the approaches 
and integrations with simulations are discussed. As a result of these analyses, this research provides methodolo-
gies for an optimized selection of a gripper configuration for an improved object-specific achievable gripping force 
and allows for more efficient handling processes with the examined type of vacuum-based granular gripper.
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Introduction
Handling is one of the most widespread and basic tasks 
necessary for an automated and efficient production 
of goods. In order to achieve the handling of objects as 
effectively as possible, the end effectors and grippers 
used for these systems have to be capable of securely 
handling the gripped objects without detachment during 
the handling process. Typically, this is done by utilizing 
predefined points on the object’s geometry, where the 
selected grippers characteristics, such as a mechanical or 
a vacuum-based suction cup gripper are easy to predict 
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and enable high gripping forces [1]. Within these condi-
tions, the gripping strength or vacuum can be adjusted 
in accordance to the object’s weight and the specific 
handling task [2]. With these widespread conventional 
grippers, usually flat and uniform surfaces are required, 
which have to be detected precisely in order to guarantee 
a secure and faultless grip [3].

Additional process-specific factors can complicate 
some handling tasks, such as the handling of unpredict-
ably shaped objects. This would be the case for products 
of nature or worn-out components at the end of their 
individual life cycles. Precise positioning of grippers on 
specifically defined surface areas in scenarios for pick-
ing from a moving conveyor belt or from a bin with ran-
domly placed loose items is also often challenging. These 
types of handling procedures are complex, as an exact 
analysis of the position and surface characteristics of 
the gripped object and its interrelations with a success-
ful gripping would require significant implementation of 
cameras, sensors or other hardware and is therefore often 
prohibitively expensive [4, 5].

To address these challenges, new gripping solutions, 
such as granular grippers, designed for a versatile han-
dling with a wider capability and tolerance towards more 
complex surfaces are developed [6, 7]. These innovative 
grippers could improve the efficiency and effectiveness of 
automated handling tasks in multiple ways:

• A single gripper could be capable of gripping differ-
ent surfaces without necessitating a swapping out of 
the gripper [2, 8]

– Reduced complexity of the handling setup for grip-
ping various object shapes within a singular han-
dling use case

– Increased flexibility for swapping between handling 
stations with entirely different handling tasks

• A gripper could offer a wider versatility and tolerance 
to somewhat unpredictable environmental condi-
tions [8]

– Reduced necessary tolerance for measuring or 
placement systems e.g. during bin picking

– More tolerance for individual components with a 
wide tolerance of characteristics, such as natural 
raw materials with varying and undefined surface 
structures

Within the following research, experimental investiga-
tions as well as modeling approaches regarding achiev-
able gripping forces of such an innovative gripper are 
explored.

Examined vacuum‑based granular gripper
A possible solution for versatile handling are granular 
grippers. Usually, these grippers consist of an airtight 
membrane or’cushion’ filled with granulate material. In 
an unactuated state, this gripper is deformable and capa-
ble of adapting to a wide range of geometries. When the 
system is actuated and a vacuum is applied to the gripper, 
both the membrane and the granulate filling contracts, 
referred to as a ‘jammed’ state (see Fig.  1a). According 
to Goetz et al., Fitzgerald et al. and Brown et al. [9–11], 
three different effects enable a gripping force, which can 
be differentiated as the following:

1. Geometric interlocking of the object and the 
‘jammed’ gripper

2. Static friction between the object and the membrane
3. Suction effects, where the membrane and the surface 

of the object create an air-tight seal

Usually, the suction effects as well as the geometry 
interlocking are by far the most significant influences 
[11]. These suction effects are largely dependent on the 
membrane, where a contraction of membrane and gran-
ulate results in a small volume of reduced pressure. The 
sealing and low pressure area creating the suction effect 
is shown in Fig. 1b) as a section from an X-ray tomogram 
[12].

When handled objects are larger than the gripper itself, 
the influence of geometric interlocking is often negligi-
ble, especially for surfaces with fewer three-dimensional 
protruding geometries. As a result, conventional granular 
grippers are generally unsuitable or unfeasible for wide-
spread applications such as handling mostly flat metal 
sheets. They are mainly used for either objects smaller 
than the gripper or objects with distinct protruding 
geometries, where a secure grip can be achieved.

In an attempt to combine the possibilities of the form-
fitting properties of granular grippers with the ability to 
securely grip objects with less prominent features, a mod-
ification of the conventional granular gripper was devel-
oped at TU Braunschweig [13–15]. In this approach, the 
mechanism of achieving successful gripping through suc-
tion effects is replaced (Fig. 2a)) and improved upon by 
actively supporting the suction with a permeable mem-
brane at the gripper-object-interface (GOI) (Fig. 2b)).

When the pressure difference is applied by an external 
vacuum pump, the gripper retains the ‘jamming’ proper-
ties; however, the gripping force is supported by the addi-
tional vacuum gripping effects facilitated by the porous 
area at the GOI. Depending on the geometry of the 
gripped object, these additional vacuum gripping effects 
can account for large parts of the resulting gripping force 
[16].
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Even though these grippers are often referred to as 
‘universal’, their effectivity varies with its configuration 
and the gripped geometries. A granular handling-based 
gripper system can be configured in various different 
ways. Its gripping capabilities are influenced by a variety 
of characteristics and features, which mainly depend on 
the used granulate material, the membrane and possible 
design modifications. An example could be the filling 

ratio of these grippers, which could have different effects 
on the gripping forces for convex or concave objects. In 
order to utilize such a gripper in an industrial setting, its 
characteristics have to be assessable especially in regards 
to their achievable gripping force, and, if possible, opti-
mized to an individual application with its specific pro-
cess conditions. Enabling this optimization as well as 
a possible general estimation of the different design 

Fig. 1 a Schematic for the gripping process with granular grippers [11]; b X-ray tomogram slice after evacuation around a round object 
with detached membrane marked in purple [12]

Fig. 2 Schematics of conventional granular grippers and the expanded concept examined within this study
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influences is the main objective of the present study. 
The results of various settings of influencing parameters 
are generally assessed by their effects on the grippers 
handling performance, therefore the following chap-
ters examine the achievable gripping forces for different 
objects [2, 10, 16–21].

Goals for the examination of the influencing parameters 
and further structure
Within this context, the key questions regarding the con-
figuration of this gripper for an increased understanding 
of the behavior and its optimization are:

• What is the influence of the various configuration 
characteristics on the achievable gripping force for 
the specific examined gripper design?

• Are these influences interrelated and how can con-
figuration-specific gripping characteristics for differ-
ent object geometries be predicted without extensive 
experiments?

• How can a prediction of achievable gripping forces 
for a specific spectrum of object geometries be 
implemented, considering the potential design vari-
ants and a prediction of a reliable handling regarding 
the standard deviation?

Additionally, soft robotic grippers in general are in a 
state of continuous development and adaptions to spe-
cific use cases are common. Therefore, a transferability 
of results between adapted gripper designs should be 
analyzed in some manner. Consequently, an additional 
research question should be investigated:

• Is it feasible to integrate knowledge and characteris-
tics of different gripper designs for further adapted 
grippers?

As a key goal of the present research, a comprehensive 
investigation of the influences of different parameters on 
the examined gripper concept should be provided. For 
this, all relevant factors for the gripper configuration have 
to be identified and experimentally investigated regard-
ing their influence on the achievable gripping force. If 
possible, a methodology should be derived from these 
analyses in order to find an ideal gripper configuration 
for individually composed object requirements. To ena-
ble this, the following chapters strive to do the following:

• Analyze current research for influences of design and 
configuration for granular grippers. (Chapter 1.3)

• Draw conclusions to possible influences for the spe-
cific examined gripper. (Chapter 1.4)

• Align these conclusions with previous research for 
the examined specific gripper. (Chapter 2)

• Design experiments for an initial examination of the 
defined influences. (Chapter 2.1)

• Examine the interaction and relevance of the identi-
fied influences experimentally. (Chapter 3)

• Discuss statistical prerequisites for predicting and 
modeling configuration influences and resulting grip-
ping forces. (Chapter 4)

• Discuss an overall procedure for the selection of suit-
able configurations with a comparison of necessary 
predictions of the influences through linear models 
as well as Machine Learning. (Chapter 5)

• Validate the models by evaluating the predictions for 
selected experiments. (Chapter 6)

• Discuss possible future improvements and expan-
sions. (Chapter 7)

• Conclude key results of the investigations of this 
research. (Chapter 8)

Previous research regarding influencing parameters 
for granular grippers
In the following chapter, an overview regarding cur-
rent research for the various influences of configuration 
parameters on granular grippers is given. These publica-
tions mostly focus on the commonly used concept of the 
conventional granular gripper (see Fig.  2a)), especially 
the main two components granulate and membrane. The 
different examined influences of materials on the result-
ing gripping forces are summarized with some examples 
for publications in Tables 1 and 2 and discussed regard-
ing their key results.

Previous research regarding the variation of granulates
Granulate material size is often described as one of the 
most influential parameters [30], as it affects the jam-
ming behavior by changing the number of contact and 
slip points. Some researchers even describe it as the most 
critical property for the jamming performance [23] with 
varying results, such as Gomez-Paccapelo et al. describ-
ing a negative influence of granulate material larger than 
1/15 of the target object diameter [29]. Researchers such 
as Athanassiadis et al. [31] and Howard et al. [28] further 
explored this improved jamming by examining the influ-
ences of particular shapes and recommend polyhedral 
shapes for the largest range in stiffness.

The variation of the granulate size is often com-
bined with the material type, such as for sawdust and 
coffee [25], where the inherent material properties 
were described as ‘small and big’. The fill level or fill-
ing ratio is often presented as another important fac-
tor [10], with researchers such as Fujita et  al. [26] 
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recommending 50% of the possible volume for an 
ideal gripping force. In some cases, further granulate 
parameters were examined, such as the water con-
tents in sawdust [25] or the influences of granulate 
surface roughness [24] on the possible gripping forces. 
Most researchers utilized easily available or purchas-
able granulate materials and sizes with some exam-
ples of additive manufacturing [28]. Putzu et  al. [32] 
and Goetz et  al. [9] particularly focus on the possible 
positive influences of soft particles, describing it as a 
‘squeezing effect between the object and the gripper’, 
which enables the GOI to have a larger contact area. 
Additionally, the influence of granulate materials on 
the necessary initial contact force for the molding 
to different geometries was examined [15, 33]. Size, 
material type, filling ratio as well as less frequently 
investigated parameters such as shape, roughness or 
elasticity are therefore identified as possible influences 
of granulate material. Previous studies suggested no 
major interrelations between the influencing parame-
ters of the gripper configuration [25]. This should also 
be analyzed for the examined gripper.

Previous research regarding the variation of membranes
In comparison, membrane materials were varied less 
often (see Table  2), with elastomers, rubbers, nitriles 
and silicones being the most commonly used [23, 
34]. Howard et al. [35, 36] and Amend et al. [23] also 
varied the shape of the grippers, with Howard et  al. 
[35] implementing algorithms for an improvement of 
3D-printed membrane shapes.

Research regarding different membranes for the grip-
ping concept developed at TU Braunschweig previously 
focused on the air-permeability of the porous area at the 
GOI [14], recommending materials with a nominal air 
conductivity of over 200 1/(s·Pa) for this task. Conclud-
ing, especially the membrane materials as well as gripper-
specific parameters such as design or air-permeability are 
relevant as possible influences for further investigations.

Trial sizes and standard deviations
Most previous researchers were either unspecific about 
the number of conducted experiments or used sample 
sizes (trial size) below ten repetitions per object. The 
number of different grasped geometries (shape count) 
was also usually below ten. In general, the standard devia-
tion (Std. Dev.) for granular grippers is a large percentage, 
often over 50% of the gripping force, as the placement 
of the granulate material is unpredictable and tends to 
be slightly different for subsequent handling cycles. The 
gripping force itself depends on the size of the gripper, 
with researchers primarily focusing on small grippers on 
a laboratory scale and few examples for large-scale appli-
cations [27]. In order to enable an increased compre-
hensibility and transferability of the created knowledge, 
sample sizes with more than ten repetitions for object 
sets comprising at least ten different objects should be 
examined. Especially the resulting standard deviation is 
relevant for possible further industrial implementations 
in order to enable an assessment of the statistical confi-
dence of a secure handling.

Specific gripping solution examined within this research 
and relevance of influencing parameters
The specific gripper developed at TU Braunschweig dif-
fers from conventional granular grippers through its 
characteristic added air permeability and resulting air 
flow (see Figs. 2, 3 and 4). This differentiation is relevant 
for both the granulate and the membrane parameters, as 
a continuous air-flow through the granulate as well as the 
porous area in the membrane are necessary for the oper-
ation of the gripper. 

Relevance of granulate variations for the specific examined 
gripper
The potential influences of granulate material identi-
fied within the previous chapters include size, mate-
rial, roughness, elasticity, filling ratio as well as shape. 
Additionally, due to the continuous air-flow through the 
gripper in the expanded concept, air-permeable hol-
low granulate material could also have an effect on the 

Table 2 Overview of various publications for the membrane influences on gripping forces for granular grippers with information 
regarding the varied membrane as well as the experimental approach with the number of repetitions for each object (trial size) as well 
as number of investigated grasped object geometries (shape count)

Publication Variation of membranes Experimental approach/
Results

Refs. Author Year Shape Material type Trial size Shape count Std
Dev

Max force

[34] Jiang et al. 2014 – Vitrile, Vinyl, Nitrile, Latex and Polythene 3 – – –

[23] Amend et al. 2016 Various Rubbers, Silicones and Polyurethanes – 7 – Up to 90 N

[35] Howard et al. 2022 Various – 5 4 – Up to 30 N
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resulting grip and is therefore a further influence ana-
lyzed in this publication. As noted by previous research-
ers, individual variations of these characteristics in an 
experimental manner are somewhat difficult. Due to high 
costs and low availability, procuring large quantities of 
homogenously shaped granulate with complex shapes 
is challenging. Therefore, the granulate shape effects are 
not investigated further within this publication. Instead, 

the used granulates are mainly varied regarding size, 
material with the dependent roughnesses, weights, air-
permeability and elasticities as well as filling ratio.

Relevance of membrane variations for the specific examined 
gripper
In general, the hulls and membranes of granular grip-
pers within the state of the art tend to be of a spherical 

Fig. 3 Overview for the further structure of the following chapters

Fig. 4 Overview for the vacuum-based granulate gripper examined in this research: a Example for this gripper [37], b Schematic of the gripper 
(based on [16])
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shape. However, this is not the case for the examined 
specific gripper. Its strengths in versatility for both con-
vex and concave objects have proven an initially mostly 
flat porous membrane and therefore a cylindrical shape 
of the gripper to be most successful. Therefore, the gen-
eral shape and dimensions of the gripper are not varied 
within this study.

For the different types of objects, predominantly the 
porous area at the GOI and its sealing is suggested to 
influence the gripper’s characteristics. For this, the elas-
ticity and stiffness of the membrane material at the GOI 
as well as the size and arrangement of the permeable 
zone should be varied in order to determine their influ-
ence on the resulting gripping force.

Previous research for the specific examined gripper 
and experimental boundary conditions
The key distinctive feature for the investigated gripper 
compared to conventional granular grippers is the porous 
area in the membrane (see Fig. 2). The gripper is capable 
of molding to different object surfaces, enabling a seal 
between the porous areas of the gripper and the gripped 
object. When a pressure difference is applied and a stable 
seal is achieved, the granulate jams around the gripped 
object. Resulting forces from these jamming effects com-
bined with the primarily influential suction force enable 
a secure grip for a multitude of objects. However, due to 
the various interacting influences involved, the result-
ing achievable gripping force varies widely for different 
gripped geometries. This dependency on object geome-
try was already discussed in previous research [16] and is 
briefly summarized in the following paragraphs.

The experimental setup used in previous research 
is identical to the experiments layed out in the next 

chapters. The gripped objects are manufactured from 
Polyactic Acid (PLA), the surface roughnesses and mate-
rial of objects were found to have a negligible influence 
with the tested spectrum [16]. The objects are fixed to a 
surface, while the gripping force is measured using a pull-
off test. A gripper with dimensions of 60  mm in height 
and 150 mm in diameter filled with granulate is utilized. 
The symmetrically arranged porous area at the bottom of 
the gripper has a maximum diameter of 95 mm. Within 
the experimental procedure, both the forces in Z-direc-
tion and the vacuum are recorded as shown in Fig. 5. The 
gripper is connected to a K6D40 force sensor, which is 
mounted to a Kuka LBR iiwa robot. The air pressure dif-
ference is created by a Variair Unit SV201/2 (up to 4 kW), 
which can create a relative pressure difference of up to 
0.42  bar when a valve is opened. This is measured by a 
VS VP8 SA M8-4 vacuum sensor. Movements within this 
study are exclusively perpendicular to an objects surface 
(in Z-direction). The gripping process begins with an ini-
tiation of the GOI, which is achieved with an initial con-
tact force of 80 N for this research (see Fig. 5). When the 
valve from the pump to the gripper is opened, the grip-
per is pulled vertically upwards at a defined speed after a 
delay of 2.5 s until it detaches completely from the object 
surface. The maximum recorded gripping force is used 
and described in the following paragraphs as the achiev-
able gripping force for an experiment.

As the gripping force of the gripper varies with the 
applied vacuum, a physical law or relationship between 
these factors is proposed. This aspect was investigated by 
Wacker et al. [16] and is comparable to the characteristics 
of a conventional suction gripper especially for mostly 
flat surfaces. As long as over 90% of the GOI between 
the grippers porous area is covered by the object, the 

Fig. 5 Overview of the experimental procedure regarding force in Z-direction and pressure difference for an initial contact force of 80 N and 100% 
compressor power (derived from [16]); images of the gripper deformation are shown in Fig. 27 in the appendix
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achievable gripping force  Fachievable can be approximated 
as being linear with the applied pressure difference Δp 
(see Eq. 1).

However, for more complex geometries, both jamming 
and slip-off-effects influence the seal of the GOI. There-
fore, a correction parameter  Ccombined as well as the area 
 Atmax for the combined influences on the gripping force 
were introduced. The correction parameter  Ccombined is 
specific to individual object geometries and combines the 
influences of the affected area with the granular jamming 
and slip-off-effects. Values of  Ccombined range between 0 
and 1. It could be hypothesized, that merely the size the 
porous area of the gripper determines the maximum 
gripping force, especially for mostly flat surfaces. How-
ever, experimental results have exceeded this calculated 
force, which is suggested to be a result of airflow effects 
and curvatures in the membrane areas. These curva-
tures are characteristic for granulate-based grippers and 
were previously discussed in Figs. 1 and 2. Therefore, the 
effective area of the porousity is difficult to gauge and 
suggested to be also influenced by object geometries. In 
order to establish an equation, which enables a calcula-
tion of the theoretical maximum gripping force, the the-
oretical maximum effective area for the suction force is 
used and set to  Atmax. This value is defined as the theo-
retical scenario with the highest achievable suction force, 
where the entire 150 mm diameter of the gripper curves 
inward, so that the entire area of the gripper acts as a 
suction cup gripper. This is set as the limit for the maxi-
mum possible gripping force and where the upper limit 
of  Ccombined is defined at the value of 1. The object-spe-
cific parameter  Ccombined is currently determined through 
experiments. It exhibits a high accuracy to the lineari-
zation proven by a high coefficient of determination of 
up to 0.99 [16]. Exemplary achievable gripping forces 
over different applied pressure differences are shown in 
Fig. 6, visible is the mostly linear relation to the pressure 

(1)Fachievable = Ccombined · �p · Atmax

difference. The parameter  Ccombined therefore serves as 
an object-specific characterization of the slope of these 
linearizations.

In order to include this object-specific dependence of 
gripping forces, a broad object spectrum with surfaces 
resembling possible gripped objects should be evalu-
ated. To accomplish this, various basic geometries placed 
on a 170 × 170 mm pedestal are used. These geometries 
exhibit convex and concave rotational and non-rotational 
symmetric features (see Fig.  7). Theoretically, this data-
set could be divided into classifications such as axis- and 
planar-symmetric objects or various other categories. 
However, for a reduced complexity and increased com-
prehensibility, further chapters refer to the three cat-
egories of convex, concave and other geometries. 
Additionally, structured repetitive surfaces are examined. 
Preliminary experiments for this spectrum of 31 objects 
have resulted in a wide variety of achievable gripping 
forces reaching up to 300 N. When converting achievable 
forces and their respective pressure differences into val-
ues for  Ccombined, the results range mostly between 0 and 
0.5.

A  Ccombined close to zero is achieved for objects with 
very complex geometries, when the gripper cannot 
deform and create a seal with the GOI. This limit of grip-
per deformability is suggested to depend on the gripper 
configuration.

Experimental procedure
As discussed in chapters  1 and 2, in order to assess 
their object-specific impact on achievable gripping 
forces, the granulate parameters as well as membrane 
parameters should be evaluated. For the specific grip-
per, especially the porous area of the membrane at 
the GOI is hypothesized to have the largest influence. 
Therefore, prototypes for a modular gripper with inter-
changeable membrane areas for the porous zones were 
developed. Preliminary experiments have proven effec-
tiveness of the setup shown in Fig.  8b) for a modular 

Fig. 6 Exemplary achievable gripping forces for 30 repetitions over a range of pressure differences (30 to 100% of possible compressor power)
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interchangeability of this porous zone while reducing 
manufacturing efforts immensely. The key difference 
between the grippers used for the granulate and mem-
brane experiments is the inclusion of an additional 
collar in the membrane gripper design, while the 
remaining aspects of the design, such as dimensions, 
are retained. 

The collar is located at the outer-most rim of the mem-
brane (see Fig.  9), while the inner part can be designed 
with individually arranged patterns for a desired air per-
meability at the GOI. The entire modular membrane 
shown in grey in Fig. 9b) can be replaced while retaining 
the entire rest of the hull, where the modular membrane 
is merely sewn in. Thus, manufacturing and material 
effects of the hull can be excluded as influencing factors 
for the experiments with different modular membranes. 
The gripper shown in Fig.  8a) is used for the experi-
ments involving granulate variations, while the gripper 

shown in Fig. 8b) is used for the evaluation of membrane 
variations.

Both types of grippers are tested with the 31 objects 
introduced in chapter 2 with 15 experiments per object 
for vacuum pump settings ranging from 50 to 100% of the 

Fig. 7 Overview of the analyzed object geometries, see the appendix (Fig. 28) for further information

Fig. 8 Grippers examined within this research with a Gripper used for granulate variations and b Gripper used for different porous zones 
within the membrane

Fig. 9 Gripper used for membrane variations with sections 
showcasing a The idle state of the gripper and b The collar’s 
adaptability to an object, similar to a sealing lip
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available power. These 15 data points are used to interpo-
late  Ccombined, which allows for an assessment of achiev-
able gripping forces independent of applied pressure 
differences. This parameter could also be described as an 
indicator for the effectiveness of this gripper for a cer-
tain surface geometry. In Fig.  10, the resulting gripping 
capabilities for the investigated objects are compared for 
the two gripper types in their reference configuration, 
referred to as standard configurations in the following 
chapters.

Only objects with a  Ccombined of over 0.15 are classi-
fied as grippable, which corresponds to a gripping force 
of over 114 N when the maximum pressure difference 
of 0.42  bar available within the experimental setup is 
applied. This value is established as an example for a pos-
sible threshold for a successful grip within the further 
chapters, but could be adapted individually for specific 
use cases.

Especially for the objects classified as ‘other’ geom-
etries, the behavior of the gripper designs is mostly 
comparable, the gripper used for granular variations 
even shows some minor advantages for some of these 
objects. However, the gripper design used for the mem-
brane experiments appears to enable a successful grip for 
a larger amount of objects as well as a tendency towards 
increased values for  Ccombined for both concave and some 
convex geometries. This could be a result of the addi-
tional deformability of the collar, which allows for an 
improved sealing for some geometries. A larger overview 
of the tested objects and the respective achieved values 
for  Ccombined for the two standard configurations is avail-
able in the appendix (Fig. 28).

Examined materials
As discussed in chapters  1 and 2, the evaluation of 
granulate materials focuses on size, material and filling 
ratio. The variations are shown in Fig.  11. The standard 

granulate setup for the gripper is based on preliminary 
experiments and consists of a filling with Acrylonitrile 
Butadiene Styrene (ABS) 6  mm balls with a volume of 
66% of the maximum capacity, which is equivalent to 
658 cm3. The membrane consists of 1.25 mm thick Pol-
yurethane (PU), where the porous area is arranged sym-
metrically around the center axis (see Fig.  4) for a total 
size of the permeable area of approximately 4500 mm2. 
In order to limit experimental effort, the variations of 
these parameters are experimentally examined in a one-
factor-at-a-time design and later compared regarding a 
possible interpolation for a full-factorial overview. For 
instance, the granulate size is experimentally tested with 
larger and smaller granulate, while keeping the material 
and the filling level constant as ABS and 66% respectively. 
The granulate material is varied over a larger spectrum, 
as preliminary research has shown various effects, which 
are challenging to isolate individually. As an example, the 
surface characteristics of the granulate material might 
have an influence on the jamming effect, similarly, the 
elasticity of granulate material could inhibit material 
flow-effects or influence curvature effects of the mem-
brane. Therefore, a variety of materials are used, includ-
ing a second ABS granulate with a comparable surface, 
but increased weight and reduced elasticity. Steel granu-
late, characterized by its heavy weight, smoother surface 
and a comparably higher E-Module, is also tested. This 
is in contrast to the silicone materials, which are elastic 
with increased friction compared to steel. Additionally, a 
3D-printed Polyethylene Terephthalate (PET) granulate 
is examined, which exhibits a structured surface resulting 
from the employed Fused Deposition Modelling (FDM) 
process. This structured surface could affect the granu-
late movements as well as the jamming behavior. Moreo-
ver, considering the gripper’s specific air-flow effects, the 
printed granulate is additionally examined as a hollow 
air-permeable variant, as seen in Fig. 11. Furthermore, a 
hollow brass granulate exhibiting a smoother surface and 
higher weight is evaluated. The granulate filling level is 
varied over five different steps, as some influences were 
visible during preliminary experiments. 

The membrane variations are depicted in Fig. 12. Simi-
lar to the granulate variations, only one factor is varied at 
a time, while the other parameters are kept at a constant 
value. The granulate material, size, filling as well as the 
standard size of the permeable area (permeability), which 
makes up approximately 50% of the possibly permeable 
membrane area identical to the standard configuration 
of the granulate variation. The standard configuration 
for membrane variations therefore closely resembles 
the gripper used for the granulate variation; however, it 
is differentiated through a collared membrane. The rest 
of the gripper hull consists of a PU-coated nylon for all 

Fig. 10 Comparison of the experimentally determined values 
for  Ccombined for the objects for both standard configurations 
of the examined types of grippers, a perfect fit would be 
on the bisecting red line
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Fig. 11 Overview of the granulate variations examined within this research, further information is available in the appendix (see Fig. 32) 
and the supplementary material

Fig. 12 Overview of the membrane variations examined within this research, further information is available in the appendix (see Fig. 32) 
and the supplementary material
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experiments with this gripper design. The replaceable 
collared membrane is FDM-printed from 85 A thermo-
plastic polyurethane (TPU) with seven equally distrib-
uted holes for a defined size of the air-permeable area 
within the GOI as the standard configuration. By utiliz-
ing 3D-printing technology, various arrangements and 
sizes of the permeability zones can be easily designed and 
printed, eliminating the need to examine manufacturing 
inaccuracies when manually cutting elastic membranes. 
Influences impacting the curvature behavior of the mem-
branes might stem from the size of the areas, therefore 
different equally distributed zones with different sizes are 
investigated (see Equally Distributed 7 or 64 in Fig. 12). 
Additionally, the specific locations of these zones might 
influence the grippability of different object types (see 
Middle or Outer Ring in Fig. 12). The size of the perme-
ability area was varied from 50% mostly to lower val-
ues, aiming to highlight possible correlations between a 
reduced permeability size and resulting achievable grip-
ping forces. Values above 65% were not examined, as a 
differentiation between zone arrangements would be 
difficult to implement. Regarding the membrane mate-
rials, two different stiffnesses of PU-coated nylon were 

evaluated, along with a comparably more elastic PU-
coated mesh.

Some parameters such as granulate size, granulate 
volume or size of the membrane permeability could 
be considered as continuously variable parameters 
and interpolated between the examined values. For 
an increased comprehensibility of this research, these 
parameters are simplified as discrete steps.

As previously mentioned, a total of 15 experiments 
were carried out for each tested gripper configuration 
using all 31 examined objects. As summarized in Fig. 13 
II, this results in 31 × 13 = 403 values of  Ccombined for the 
granulate variations as well as 31 × 11 = 341 values of 
 Ccombined for the membrane variations. Achieving indi-
vidual full-factorial results for each examined gripper 
(Fig.  13 III) would enable estimations for 105 different 
granulate configurations for the 31 objects as well as 80 
interpolated membrane variations. Theoretically, these 
configurations could be combined for an interpolation 
encompassing both gripper types, yielding a total of 8400 
different configuration setups. This would allow for esti-
mations for all 31 objects, resulting in 31 × 8400 = 26,040 
values of  Ccombined.

Fig. 13 Overview of the experimental procedure and analysis for the different gripper configurations
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However, many of these configurations might not 
exhibit large characteristic differences in their achiev-
able gripping forces and have to be examined regard-
ing its influence. Similarly, some configurations could 
merely be very successful for specific object types, 
such as only concave or convex objects, while being 
unsuitable for other object types. In order to enable an 
overview of the different configuration influences and 
provide a basis for a future choice between gripper con-
figurations, the results and influences of the examined 
parameters are presented within the next chapter.

Results and influences of the parameters
The results for the one-factor-at-a-time experiments 
are shown, exemplary for the granulate size, in Fig. 14. 
Detailed results for all other experiments are available 
in the appendix in Fig.  29. Similar to previous depic-
tions (such as Fig. 10), only objects with resulting val-
ues of  Ccombined above 0.15 are shown, representing 
the threshold for a grippability within this study. In 
addition, a small overview for all varied parameters is 
included, providing the number of grippable objects 
exceeding a difference of  Ccombined (Δ to Standard) of 
over 20% compared to the respective standard con-
figuration. In order to enhance the comprehensibility 
of these values, the recorded deviations are not shown 
and can be accessed within the supplementary material.

In the following sections, the influences on the 
achievable gripping forces resulting from the variations 
of the selected parameters are discussed with a focus 
on the different object spectrums convex, concave and 
other.

Granulate size
Compared to the state of the art for conventional granu-
lar grippers, the impact of the granulate size on the grip-
ping performance is limited for the specific variation 
examined within this publication. For all three examined 
diameters, a total of 16 out of the 31 tested objects are 
classified as grippable. For both the 3  mm and 9  mm 
granulate size, only one out of the 31 tested objects 
exhibits an increase for  Ccombined of over 20% compared 
to the standard configuration (Orb 200 mm concave and 
Orb 150 mm concave, respectively). Some smaller influ-
ences are visible within the histogram for 3  mm, as no 
values exceed a  Ccombined of 0.35, instead an accumula-
tion of values between 0.3 and 0.325 is visible. The results 
larger than 0.325 for 6 and 9 mm mostly occur for struc-
tured surfaces. A possible cause for the smaller 3  mm 
granulate being less suitable for these objects, could be 
a result of smaller orbs being able to move more easily 
even during compaction, which reduces the molding of 
the membrane with the structured surface and therefore 
weakens the sealing and the gripping force.

Therefore, under specific circumstances with a known, 
reduced object spectrum of the specific structured sur-
faces, the overall applicability of the gripper could benefit 
from using granulate material with larger sizes in order to 
achieve a higher  Ccombined; however, this requires knowl-
edge about the handled geometries.

Granulate material
Similarly, the granulate material shows no large devia-
tions for the number of grippable objects. Compared 
to the standard granulate, the slightly heavier ABS 
0.2  g as well as all types of printed and air-permeable 

Fig. 14 Overview of the results for the variation of granulate size differing from the standard (marked in blue), with a focus on objects surpassing 
a value for  Ccombined of 0.15 and any experiment surpassing 100 N. Similar graphs for all other varied parameters as well as overviews for individual 
objects (Fig. 30/31) are available in the appendix
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hollow granulate appear to have limited effect on the 
resulting gripping forces, with some improvements 
for convex and concave geometries. Silicone and steel 
are the more atypical materials in regards to their elas-
ticity, surface or weight and exhibit the largest visible 
effects for the materials. Here, steel appears to be spe-
cifically beneficial for convex geometries, while sili-
cone achieved some of the highest recorded values for 
 Ccombined above 0.45 for a small selection of mostly flat 
objects. Similar effects for very elastic granulate mate-
rials were found for other granular grippers within the 
state of the art [32], effects for steel granulate appear 
to be especially relevant for the examined specific type 
of gripper. Notably, these effects do not occur over the 
entire tested spectrum of objects within this study. The 
positive influences of the steel granulate might be a 
result of the increased weight, which enables an over-
all improved forming of the gripper cushion to some 
object geometries and strengthens the seal at the outer-
most borders. For the silicone granulate, the increased 
elasticity and deformability likely improves the seal and 
decreases the porosity within the granulate, which has 
positive effects on the achievable grasping force.

Filling ratio
Among the examined granulate parameters within 
this study, the granulate volume used to fill the grip-
per appears to have the largest influence. Especially 
the far ends of the examined scale significantly reduce 
the grippability of large amounts of the tested objects. 
Results for 50% and 82% exhibit some minor improve-
ments and deteriorations for the number of grippable 
objects as well as specific types of shapes. These find-
ings suggest a potential in fine-tuning the granulate 
volume, which could be optimized for specific types of 
objects.

Arrangement of the membrane permeability zone
The shape and design of the membrane permeabil-
ity zone arrangement exhibits limited influence within 
the examined spectrum. A design oriented towards an 
arrangement of the permeability in the middle of the 
gripper shows some advantages for concave objects. This 
could be due to the combination of curvature effects of 
the membrane with the concave object shapes creating 
an enlargened ‘bubble’ of enclosed pressure difference. 
Similarly, permeability zones with smaller diameters 
exhibited some minor increases and decreases for some 
objects and could be implemented as possible varia-
tions for a fine-tuning of the gripper configuration. The 
arrangements as an outer ring show no advantages.

Size of the membrane permeability zone
The size of the permeability zone does not appear to 
majorly affect the resulting achievable gripping forces. 
When reducing the size of the permeability from 50% 
down to 5%, some objects are no longer grippable. How-
ever, an increase in the achievable gripping force is vis-
ible for individual objects in spite of this strongly reduced 
value for the size of the permeability. Especially regard-
ing concave objects, this is suggested to be a result of the 
curvature effects. When increasing the permeability size, 
the number of objects with a value for  Ccombined of over 
0.15 shrinks, an advantage for specific objects is not dis-
cernible. It would be advisable to include this parameter 
for fine-tuning the grippers design.

Membrane material
The results obtained from the membrane material dem-
onstrate large variations. The TPU-printed membrane 
is characterized by the highest stiffness of the examined 
materials and is the only material achieving values for 
 Ccombined of over 0.325. This is possibly a result of a cor-
relation between the curvature effects and the stiffness of 
the membrane material. However, the elastic mesh ena-
bles a successful grip for the largest number of objects 
within the examined configuration spectrum with some 
increases and decreases for different gripped geometries. 
The stiffness differences between the PU-coated nylon-
materials appear to result in merely minor differences in 
the number of grippable objects. Based on these obser-
vations, it is highly suggestible to include the membrane 
material as a further influencing parameter for fine-tun-
ing the gripper design for an optimized performance.

Summary of the influences of the examined parameters
As a summary of the results, an overview is shown in 
Table 3.

The configurations with the slightly heavier ABS 0.2 g, 
the ‘Middle’ arrangement for the permeability zone and 
a membrane permeability size of 65% are the only three 
tested configurations with no visible advantages. All 
other tested configurations show up to 4 objects, where 
an increased  Ccombined of over 20% compared to its ‘stand-
ard configuration’ could be found for values above 0.15.

Deviation characteristics
Enabling an assessment of the achievable gripping force 
resulting from the selected configuration is one objec-
tive of this publication. However, as already elaborated in 
the state of the art, it is important to acknowledge, that 
most conventional granular grippers exhibit a large dis-
tribution and therefore a substantial standard deviation 
of achievable gripping forces even when repeated under 
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very similar experimental conditions. During the proce-
dure for the specific gripper examined here, a resulting 
gripping force was recorded for every experiment and 
varies within a small range, therefore a direct differen-
tiation between a successful or failed grasp is not pos-
sible. This increases the relevance of an examination of 
the deviation characteristics of the gripper behavior, as 
a successful grasp is therefore mostly dependent on the 
mass of the grasped object and the statistical behav-
ior of the gripping force with the respective deviation 
characteristics.

This deviation of gripping forces is primarily a result of 
the randomly distributed granulate material within the 
gripper, which does not behave similarly for every repeti-
tion. This statistical distribution of the achievable grip-
ping force for repeated experiments is examined in the 
following paragraphs.

Normal distribution of achievable gripping forces 
for repeated experiments
In general, when predicting a value, it is customary to 
also provide a standard deviation, which enables a sta-
tistically meaningful statement about the result. Thus, 
as long as a normal distribution can be assumed for the 
gripping force, a calculation of a gripping success could 
be expressed using standardized methods such as a t-test. 
This was examined exemplary for the standard configu-
rations of both gripper types used for granulate as well 
as membrane variations with 15 repetitions. Tests for 
the examination of data points for a type of distribution 
usually merely allow to rule out a certain type of distri-
bution with a defined certainty. One such test is the Sha-
piro–Wilk-test, which can be used to rule out normal 
distribution and can be implemented for smaller sample 
sizes. Applying this test to the already presented experi-
ments for the standard configurations, a normal distribu-
tion cannot be ruled out for most objects for an alpha of 
0.05 (29/ 31 objects for the granulate variation and 25/ 31 
objects for the membrane variation gripper). Therefore, 

based on these individual sample sizes of 15 experiments 
conducted at different vacuum settings, it is reasonable 
to assume a normal distribution for the majority of the 
experiments, although the sample size is relatively small.

To provide a more detailed statement about the devia-
tions for different gripping forces, additional experimen-
tal data is presented for 50 repetitions conducted with 
identical compressor settings and equal experimental 
parameters (see Fig.  15) for the standard configuration 
for granulate variations. In these extended experiments, 
the statistical description of the results appears to be 
mostly feasible as normal distributions. As the vacuum 
slightly varies with the achieved seal, the x-axis is chosen 
as the individually calculated values for  Ccombined, thereby 
displaying the results for the achievable gripping forces in 
relation to the achieved individual vacuum.

Influences of different objects and pressure differences 
on the distribution of achievable gripping forces
The deviations tend to increase for larger values of 
 Ccombined, which merely depend on the object shapes 
in Fig.  15. When performing further evaluations for a 
dependency between the gripping force and the influ-
encing pressure difference, a phenomenon similar to 
heteroskedasticity can be determined. Heteroskedastic-
ity refers to the deviation correlating with the examined 
parameter [38], as seen in Fig. 16a) for 84 repetitions with 
7 different compressor settings ranging from 25 to 100%, 
the deviation increases with the applied pressure differ-
ence. Additionally, the collar-effects of the membrane 
variation gripper appears to require a minimum pressure 
difference in order to effectively seal the objects surface 
for more complex geometries such as convex edges, as 
seen at around 0.18 bar in Fig. 16).

As assessed in Fig.  16, there appears to be an inter-
relation for at least some objects between the deviation 
and the resulting gripping force, which is also depend-
ent on the applied pressure difference. Summariz-
ing the results from Fig. 15 and 16, the distribution of 

Table 3 Overview of influences on the grippability

Parameter Influence Comments

Granulate Size Limited influence Larger values for  Ccombined are possible merely with larger granulate

Granulate Material Major influence only for silicone 
and steel granulate

Effects are only visible for a small spectrum of objects

Granulate Volume Major influence Especially the far ends of the filling ratios are only viable for a small number of objects

Arrangement of the
Membrane Perm. Zone

Limited influence Especially an arrangement in an outer ring appears unadvisable

Size of the
Membrane Perm. Zone

Limited influence No direct correlations between size of permeability zone and achievable gripping 
force are determinable

Membrane Material Major influence Varying advantages of elastic and stiff membrane materials are discernible
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achievable gripping forces appears to correlate to both 
the object-specific gripping force as well as the applied 
pressure difference. This could be simplified as a cor-
relation of the standard deviation with the individually 
achievable gripping force itself, which in turn is a result 
of the specific object surface and pressure difference. As 
the value  Ccombined enables an object-specific prediction 
of the achievable gripping force with a defined pressure 
difference, an abstraction of the standard deviation as 
a percentage of  Ccombined would achieve an integration 
of both the interrelations with the object geometry and 
the pressure difference. In order to facilitate this, the 
experimental data for the configuration variations of 
both grippers is examined for possible correlations on 
the standard deviation within the values used to deter-
mine the individual values for  Ccombined.

In order to present a comprehensive overview, it is nec-
essary to exclude values below a certain threshold when 
plotting the standard deviation as a percentage of the 
approximated value of  Ccombined. This exclusion is impor-
tant to prevent objects with a negligible gripping forces 
and high variations, such as those around 0 N with vari-
ations of up to 2  N, from skewing the overview. There-
fore, Fig.  17 displays the objects with values above the 
previously discussed threshold of  Ccombined = 0.15 for the 
standard settings of the experimental setup for all experi-
ments for both granulate and membrane variations. In 
addition to the proportion of the relative standard devia-
tion for the experiments in the upper graphs, a nega-
tive cumulative plot of the relative standard deviation is 
shown below. With these graphs, it is possible to approxi-
mate the relative standard deviation, which peaks within 
the relative count for both types of grippers at around 

Fig. 15 Exemplary results for 50 repetitions for an initial contact force of 75 N at 50% power for the standard configuration of the granulate 
variation gripper
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5% (upper part of Fig. 17). However, in order to enable a 
generalization for most available data points, an assumed 
relative standard deviation of 16.5% would exclude less 
than 10% of the remaining experiments (see Fig.  17 
lower part). To further enhance the level of confidence in 
achieving a successful grip, larger values for the relative 
standard deviation could be considered in accordance 

with this graphic. Additionally, if required, a simplifica-
tion for a type of object such as convex or concave could 
be made when applicable to a specific use case.

As a possible example, the relative standard deviation 
for convex objects within the hull experiments did not 
exceed 10% (see Fig. 17), which could be a possible sim-
plification if the object spectrum of a given application 

Fig. 16 Influences (traced in blue) on the achievable gripping forces related to the applied pressure difference, the red line resembles 
the calculated achievable gripping force with the factor  Ccombined. a For the influence on deviations exemplary for the standard configuration 
of the gripper used for granulate variations for the object ‘structured beads 10 mm/ 20%’ and b For the influence on sealing exemplary 
for the standard configuration of the gripper used for membrane variations for the object ‘tetrahedron convex’

Fig. 17 Overview of relative standard deviation for both examined types of grippers to approximate an overall relative standard deviation
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exclusively consists of convex objects. Based on the avail-
able information known at this point, it can be assumed, 
that this relative standard deviation applies to any config-
uration of the examined grippers for pressure differences 
over 0.2 bar. This knowledge provides valuable guidance 
for selecting appropriate gripper configurations and pro-
cess parameters with an orientation value for a standard 
deviation for any gripper configuration.

Approach for a grippability prediction 
and the selection of the most suitable 
configuration
The information obtained from the analysis of the grip-
per’s behavior in relation to design and object shape, as 
presented in chapters  2–4, coupled with the availability 
of a standard deviation estimation (chapter 4) enables the 
derivation of general approaches for the practical appli-
cation of this gripper. In order to predict a grippability or 
success rate of an object in a real use case, the following 
methodology is proposed:

1. Generation of a prediction of the values for  Ccombined 
for all examined objects for all interpolatable config-
urations

• This can be achieved through interpolating the 
experiments from chapter  3, which enables a pre-
diction of achievable gripping forces independent 
of the selected pressure difference

2. Determination of process requirements
• Object shapes and required gripping forces based 

on object weights, accelerations and safety factors
3. Selecting the applicable most similar object shapes 

from the spectrum of known objects
• Definition of the spectrum of gripped shapes, such 

as ‘only convex geometries‘
4. Selecting a statistical certainty for a gripping success

• Specify the desired level of confidence (such as 
95%) using statistical tests such as the t-test, along 
with the relative standard deviation determined in 
chapter 4

5. Filtering the predicted values for  Ccombined for con-
figurations achieving the process requirements

• Enables a list of gripper configurations capable of 
achieving the necessary certainty of a secure grip of 
the examined object spectrum

6. Optional: Integrate additional criteria and further fil-
tering

• Possible criteria could be cost, durability or avail-
ability of gripper materials

7. Selecting the gripper configuration with the highest 
overall minimum certainty over the selected object 
spectrum as the best possible option within the 
examined scenario

• The minimum certainty of the examined objects 
would have the highest chance of a failed grip and 
therefore represents the ‘weakest link’ of the filtered 
configurations.

8. If required, further fine-tuning with additional exper-
iments

As the first step, the prediction of values for  Ccombined 
requires a modeling of an interpolation between the 
presented experiments, which were performed in a 
one-factor-at-a-time design. To enable an assessment of 
achievable gripping forces for grippers with simultaneous 
variations of multiple parameters, different approaches 
for full-factorial interpolation methods are investigated. 
As previous studies for conventional granular grippers 
suggested no major interrelations between influencing 
parameters of the gripper configuration [25], the dif-
ferences in accuracy of linear and more complex inter-
polations is of interest and examined in the following. 
Therefore, two methodologies for a linear interpolation 
and an interpolation based on Machine Learning (ML) 
are applied and compared.

Linear interpolation
The first and more basic methodology is the linear inter-
polation of values within the gripper types. When inter-
polating between the gripper types, either a relative or an 
absolute linearity can be considered. For instance, using 
a granulate size of 3  mm instead of the standard 6  mm 
for the convex edge with a 90° angle, a corresponding 
increase for  Ccombined of 0.00856 is observed, which is 
equal to around 4.65% compared to the standard value. 
In the case of gripper used for membrane variations, 
no experimental data regarding the influence of granu-
late size was evaluated. It would therefore be possible 
to either assume an absolute increase of 0.00856, or a 
relative increase of 4.65% compared to the value for the 
changed base of reference with the standard gripper 
for membrane variations. This differentiation between 
absolute and relative linear modelling only applies to 
parameters not used for the initial determination of this 
difference. Therefore this differentiation is made for 
interpolating between the two examined gripper types.

Interpolation based on machine learning
Another methodology is the inclusion of methodolo-
gies based on Machine Learning (ML). ML methods 
have gained popularity for interpolating data over 
multiple experiments with a limited sample size. While 
linear or polynomial regression can be used for inter-
polation, ML-based methodologies offer the flexibil-
ity to include various parameters and can therefore 
model complex behaviors. Various parameters can 
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be included with limited effort for the model-free 
ML-based interpolation. Using ML-based interpola-
tion would enable a continuous integration of further 
experiments; however, these types of methods are 
often less transparent for end users [39–41].

For the following chapters, an Artificial Neural Net-
work (ANN) is compared to the linear interpolation. 
For this, a One-Hot-Multilayer-Perceptron network 
based on the keras framework for python is used. In 
this approach, the input information is coded as true 
or false values (see Fig.  18), while the output is the 
resulting value for  Ccombined.

This approach employed a quadratic-shaped per-
ceptron network to perform the interpolation. The 
hyperparameters of the network were trained using a 
grid search consisting of 2000 variations. This resulted 
in approximately 90 neurons for both hidden layers 
using a Rectified Linear Unit (ReLU) activation with 
a dense sequential implementation using the ‘adam’ 
optimizer. Additionally, possibly negative predictions 
for  Ccombined were set to 0 to remove unrealistic errors. 
The described approach was repeated for a prediction 
for both gripper-specific interpolations as well as an 
overarching interpolation between both grippers in 
accordance with Fig. 13 (chapter 2).

Experimental validation of prediction approaches
The accuracy of a prediction with the absolute and rela-
tive linear interpolations as well as a ML-based predic-
tion is further evaluated and validated in the following 
paragraphs. This validation is conducted by comparing 
predicted values from the different presented interpola-
tion methods with experimentally determined values for 
 Ccombined. This was performed for a selection of previ-
ously untested combinations of gripper configurations, 
which were selected based on high overall gripping forces 
over many different objects. The experiments used to 
generate the validation of the predictions were carried 
out in the same manner as the training data.

As two different types of grippers are examined (see 
Fig. 19), the following paragraphs start with a validation 
of a prediction within the individual gripper types, fol-
lowed by a more extensive overview of predictions across 
both types of grippers. Especially the different base line 
(standard values for each gripper) of different achiev-
able gripping forces regarding a grippability of objects 
could influence the applicability of the examined predic-
tions, as the standard gripper for membrane variations 
already enables higher values for  Ccombined for a number 
of objects within the examined object set.

Prediction within singular types of grippers
The iprediction of gripping forces for the exclusively 
granulate variations is validated through an experiment 

Fig. 18 Example for the input for One-Hot-Encoding for the arrangement of the membrane permeability zone

Fig. 19 Relative frequency of values for  Ccombined over 0.15 for the standard configurations. a For the gripper used for granulate variations as well 
as b For the gripper type used for membrane variations.
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within the gripper variation used for granulate varia-
tions (see the configuration specified in Fig.  20). In this 
case, the membrane parameters could not be varied, as 
the non-modular variant of the gripper without the col-
lar functionality was used. As the same reference system 
is used for the relative and absolute linear model, they 
cannot be distinguished for this experiment. Illustrated 
are the predicted interpolated values for  Ccombined over 
the experimentally measured values. To quantify the 
accuracy of the predictions, the Root Mean Square Error 
(RMSE) is used, which provides a rough estimation of 
the average error between the fitted predictions for all 
examined objects. In order to improve the comprehensi-
bility, the RMSE is shown for the conversion of  Ccombined 
into the achievable gripping force at an applied pres-
sure difference of 0.42  bar, the maximum value within 
the examined experimental setup. The linear model 
exhibits lower accuracies for ‘other’ geometries with an 
RMSE of 80.35 N for this classification of object, where 
the predicted values are primarily lower than the experi-
mentally determined values. The other classifications of 
objects ‘convex’ (RMSE of 53.72 N) and ‘concave’ (RMSE 
of 42.66 N) are more accurately predicted with the linear 
model. However, the highest accuracy was achieved for 
an ANN trained specifically for the singular type of grip-
per. Despite having the same input as the linear model, 
the ML approaches appear to dampen the inaccuracies of 
the linear interpolation, which supports a not completely 
linear interaction of the configuration parameters.

Analogue to the previous paragraph, Fig. 21 shows the 
comparison with experimental results for an exemplary 

configuration solely for a membrane variation. The 
granulate used is the standard filling for both types of 
grippers.

In terms of prediction quality, it is observed, that the 
concave cylinder with a diameter of 100  mm poses a 
challenge for all methodologies, as evidenced by the blue 
outlier at the experimental  Ccombined value of 0.25.

For other objects, the prediction accuracy for ANNs 
trained for a single gripper continues to be more accu-
rate compared to the linear model or the ANN trained 
for both grippers. Both configurations within a singular 
gripper show similar overall achievable accuracies (see 
Figs. 20 and 21), which support a general feasibility of a 
prediction of configuration parameters. However, the 
ML-based approaches, which are capable of modeling 
non-linear influences, achieve the highest accuracies. 
This emphasizes possible interactions between the influ-
encing parameters, which cannot be entirely represented 
with the linear model.

Prediction over both types of grippers
In addition to the interpolation within a singular gripper 
type, an overarching application of adjusted parameter 
settings for both granulate and membrane influences is 
examined for a variety of configurations. For this pur-
pose, the gripper for membrane variations is used, as this 
enables a modular reconfiguration for both types of influ-
ences. Figure 22 shows a modification of only the granu-
late material with an otherwise standard gripper used for 
membrane variations.

Fig. 20 Prediction within the gripper type used for granulate variations with different values for size, material and filling level compared 
to the standard configuration, a perfect fit would be on the bisecting red line
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For this configuration, the ANN trained to a singu-
lar gripper is not applicable, as the reference system is 
now used across both types of grippers. However, the 
absolute and relative linear model can be differenti-
ated, with the relative interpolation displaying com-
parably worse accuracy. The differences in achievable 
gripping forces of object geometries between the two 
gripper types therefore do not appear to benefit from 
an approximation as a purely relative influence. The 

ANN-based prediction is slightly more accurate com-
pared to the absolute linear model.

The experimental results for a larger amount of var-
ied parameters are shown in Fig.  23 and demonstrate 
similar accuracy differences. The absolute linear model 
appears to be distributed around a perfect fit for low 
and high values of  Ccombined, while the data points for 
the ANN are mostly spread out for higher values. A 
number of outliers are visible for the prediction with 

Fig. 21 Prediction within the gripper type used for membrane variations, a perfect fit would be on the bisecting red line

Fig. 22 Prediction of an adjusted granulate material within the gripper type used for membrane variations, a perfect fit would be on the bisecting 
red line
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the relative linear model, for all classifications of exam-
ined objects. In general, the results reinforce the best 
fit for ANN-based interpolations followed by absolute 
linear models, with the relative models resulting in the 
largest and therefore worst RMSE.

The influences of more atypical granulate material are 
examined in further experiments by integrating silicone 
granulate into the gripper type used for the membrane 
experiments in Fig.  24, as well as steel granulate in 
Figs. 25 and 26.

For the silicone granulate, all predictions appear to be 
skewed towards under-predicting the resulting gripping 
forces, with no particular advantage of any interpolation 
method. Averaged over all 31 objects, the experimental 
values for  Ccombined surpassed the predicted values by 
over 60% for all approaches. The ANN-based method 
is only slightly more accurate compared to the linear 
models. Overall, the properties of the silicone granulate 
appear to increase the achievable gripping forces further 
within the adapted gripper design used for membrane 

Fig. 23 Prediction of varied granulate parameters within a variation of the gripper type used for membrane variations, a perfect fit would be 
on the bisecting red line

Fig. 24 Prediction of silicone granulate within a variation of the gripper type used for membrane variations, a perfect fit would be on the bisecting 
red line
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variations. The currently proposed models are not able 
to properly assess the achievable gripping forces with the 
used input data and would have to be modified in order 
to enable an increased prediction quality.

Comparably higher accuracies appear to be possi-
ble with the steel granulate, as depicted in Figs.  25 and 
26. Here, two experiments with equal settings for steel 

granulate are shown with the only difference being the 
membrane material.

For both experiments, the relative linear model results 
in very high values for the RMSE, as the model tends to 
amplify the predicted achievable gripping forces. For 
the relative linear models, the two tetrahedron geom-
etries are not visible due to their unrealistic predictions 
of  Ccombined exceeding 1.4, compared to the experimental 

Fig. 25 Prediction of steel granulate within a variation of the gripper type used for membrane variations, a perfect fit would be on the bisecting 
red line

Fig. 26 Prediction of steel granulate within a variation of the gripper type with a TPU-based membrane, a perfect fit would be on the bisecting red 
line
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value of 0.28. Here, the usage of steel granulate within the 
standard configuration for granular variations achieved 
an increase of the absolute value of 0.18, which cor-
responds to a relative increase of over 300% compared 
to the standard value. However, the base value for the 
standard configuration of the gripper used for membrane 
variations is already 0.348. Multiplied within the relative 
model, this leads to a large overestimation of the pre-
dicted value for  Ccombined. These findings underscore the 
different behavior of the two gripper designs and high-
light the limits in comparability between the designs, 
particularly concerning this specific geometry. Without 
the three largest outliers, the RMSE of the relative lin-
ear model would shrink to 76.04 N, which is still slightly 
higher than the absolute linear model.

The absolute linear model therefore continues to estab-
lish itself as a more accurate prediction methodology in 
both configurations with steel granulate; however, it is 
still outperformed in accuracy by the ML-based meth-
odology. Therefore, the ML-based approach remains the 
preferred and more accurate methodology for predicting 
achievable gripping forces.

Overall, the ANN-based prediction provided the con-
sistently highest accuracies for all examined validation 
experiments (see Table  4), especially for ANNs trained 
to a specific gripper design. In spite of the differences 
between the capabilities of the different gripper types, an 
interpolation between gripper designs showed adequate 
results for a broad selection of configuration variations. 
Some outliers were interpolated especially with the rela-
tive linear model due to the nature of this approach. 
These outliers can be traced back to the differing base 
line in grippability for some more extreme shaped geom-
etries between the two gripper types. For all examined 

experiments, the ANN-based approach exhibited supe-
rior accuracy; however, materials with additional effects 
on the gripping force, especially the silicone granulate, 
showed less predictable behavior compared to other 
tested parameters.

Future improvements, adjustments and adaptions
In general, all examined models would benefit from 
an increased quantity of data. Not only further experi-
ments, although the presented approaches can already 
be described as extensive, but also simulations could 
be used for this. Especially a singled out examination 
of influences such as the elasticity of granulate material 
would be enabled with simulations. Empirical studies are 
restricted regarding the possibilities and availability of 
materials and therefore can often not merely assess the 
influence of a singular parameter, as it cannot rule out 
influences from unavoidably connected material proper-
ties such as material type, elasticity, surface roughness or 
weight being varied at the same time. Therefore, future 
investigations are highly advised to include simulative 
approaches in order to distinguish the influences from 
individual material properties further.

Additional influencing factors
To further expand the investigated influencing factors 
beyond the scope of this study, further variations could 
be included, such as the shape of the granulate material. 
By treating each factor as another individually evaluated 
independent factor, which was changed one at a time, an 
additional factor could therefore be implemented with-
out a need for extensive repetitions of the over 10,000 
experiments evaluated for this study.

Table 4 Overview of the results for the RMSE in Newton shown in Figs. 20, 21, 22, 23, 24, 25, 26 with the best predicted fit colored 
blue and underlined, worst fit in red

Figure Relative
Linear Model

Absolute
Linear Model

ANN for one
Type of Gripper

ANN for
both Types

Predicted within one Type of
Gripper

Only Granular
Variations

20 61.717 Equal to relative
linear model

31.454 40.671

Only Membrane
Variations

21 54.611 Equal to relative
linear model

37.000 51.550

Predicted for both
Types of
Gripper

Air-permeable Granulate,
otherwise Standard

22 64.698 110.236 N/A 59.541

Mixed Membrane and Granulate Variations 23 54.213 88.068 N/A 48.024

Membrane Variations and Silicone Granulate 24 86.570 89.751 N/A 80.913

Membrane Variations and Steel Granulate 25 70.849 352.978 N/A 42.833

Other Membrane Variations and Steel 
Granulate

26 80.019 385.280 N/A 46.749
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Prediction models
For the models without ML, standard Design of Experi-
ments (DoE) -approaches could be applied, which would 
most likely require significant increases in the necessary 
experimental effort. A more complex non-linear model 
for the interactions is a possible result. However, this is 
suggested to require larger amounts of data for an accu-
rate prediction compared to the ML-based approach, as 
this already exhibits an increased precision for all exam-
ined validation experiments. The ANN-based approach 
could be implemented as a model, which continuously 
increases the training data during the implementation, 
thereby improving the interpolation accuracy even for 
challenging materials such as the silicone granulate.

Selection and prediction methodology
To enhance the applicability of the presented methodol-
ogy, it is essential to extend its capabilities beyond the 
limited set of geometries used in this study, which would 
merely enable predictions for the defined set of 31 geom-
etries. A desirable future development would involve 
the ability to interpolate and predict  Ccombined values for 
any arbitrary object surface. By establishing a connec-
tion between the presented interactions of the grippers 
regarding its configuration with the 31 examined objects 
and a methodology for arbitrary objects, a comprehen-
sive framework for the applicability of the gripper would 
be achieved. This would enable a selection of an ideal 
gripper configuration for any geometry or partial sur-
face area of a gripped object and would provide valuable 
insights for into a possible applicability within industrial 
handling processes. Therefore, an expansion towards an 
applicability for arbitrarily shaped geometries is neces-
sary for an overall applicability of this methodology and 
should be a major goal for future expansions.

Conclusion
The goal of the presented research was the investigation 
of different configuration characteristics and their influ-
ences on the achievable gripping forces for a specific type 
of granular gripper and its modeling. Various influencing 
categories were defined, experimentally evaluated and 
analyzed in a one-factor-at-a-time setup. These factors 
were divided into granulate-based and membrane-based 
influences and examined using slightly adapted grip-
per types. As a result, the most influential parameters 
were found to be the granulate filling level, the mem-
brane permeability as well as the membrane material. 

Notably, single granulate materials such as silicone and 
steel showed interesting effects, which could be exam-
ined more in the future. An approach for a prediction 
based on a statistical examination of the deviations over 
multiple experiments was presented. This framework 
allows for a selection of a suitable gripper configuration 
in accordance with process-specific requirements based 
on a presented spectrum of gripped objects.

To enable a prediction of achievable gripping forces 
over a full-factorial gripper configuration, prediction 
approaches of the experiments were examined. Absolute 
and relative linear models overarching different gripper 
designs were compared to an ML-based approach, par-
ticularly an ANN. Amongst these methods, the ANN-
based approach achieved the highest accuracy for all 
seven exemplary examined validation experiments, fol-
lowed by the absolute interpolation.

The key takeaways are summarized as follows:

• Achievable gripping forces can be predicted based on 
gripper configuration, and the deviation of the pre-
dicted achievable gripping force and therefore the 
certainty of a secure grip can also be approximated.

• Standard influencing parameters can be interpo-
lated accurately within single designs of grippers, but 
face challenges when applied over different gripper 
designs.

• Approaches based on ML can be advantageous when 
transferring results of other types of grippers towards 
further developed designs.

• Configurations with more exotic materials, such as 
elastic silicone granulate, require additional attention 
and experiments due to their complex behavior.

Further adaptations are possible, but with the ground-
works laid out within this research, a selection of influ-
encing parameters can be gauged and predicted to 
provide a rough overview of achievable gripping forces 
for a wide spectrum of objects for implementations with 
the examined type of gripper.

Appendix
See Figs. 27, 28, 29, 30, 31 and 32.
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Fig. 27 Exemplary images of the standard configuration of the granulate variation gripper during the experiments for an excerpt of objects
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Fig. 28 Overview of resulting values for  Ccombined for the 31 tested objects for the two standard configurations of the tested design variations, 
the stl files are available within the supplementary data
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Fig. 29 Overview of the results for the variation of granulate size with a focus on objects surpassing a value for  Ccombined of 0.15
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Fig. 30 Overview of the resulting relative differences for  Ccombined for varied granulate parameters in relation to its standard configuration 
in percent
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Fig. 31 Overview of the resulting relative differences for  Ccombined for varied membrane parameters in relation to its standard configuration 
in percent
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