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Abstract. In times of ever increasing performance requirements imposed on 
newly developed products, fiber reinforced plastics have become essential for 
lightweight applications. While mass related stiffness and strength are huge ad-
vantages, automatic handling of the raw materials, such as fabrics, can be very 
challenging. Low-pressure suction grippers have been proven to be capable of 
handling fragile air-permeable materials in a non-destructive manner, giving 
them a clear advantage over potentially damaging competing gripping technolo-
gies such as needle grippers. However, they also consume large amounts of en-
ergy to ensure successful handling operations. This research aims to estimate dis-
turbance forces applied to the manipulated workpiece by monitoring its internal 
suction pressure, which will in turn allow for running the grippers at a bare min-
imum power while still being able to react to disturbances enabling safe handling 
operations.  
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1 Introduction 

While weight related stiffness and strength of continuous-fiber reinforced plastics 
(FRP) are superior to most classic metallic materials [1]. There is a lack of automation 
solutions in the handling of “limp and air-permeable semi-finished textile products” 
[2]. Low pressure suction grippers have been identified as a technology with great po-
tential for automated handling of semi-finished textile materials [3, 4]. 

They can maintain a moderate suction pressure at high volumetric flow rates [5], 
which allows for sufficient holding forces even when air is able to pass into the suction 
cavity of the gripper either by leaking airstreams passing the material or by penetrating 
the porous material directly.  

For automated handling of air-permeable sheet materials, low pressure suction grip-
pers have been used in a variety of research applications [6–9].  

However, due to a lack of compensation mechanisms for ‘disturbances during the 
handling process’ they are often run at maximum suction power to ensure reliable ma-
terial transportation even when exterior forces may interact with the handled textiles. 
This mode of operation is very energy-inefficient and thus not desirable. [10] 
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This work focuses on estimation of disturbing forces applied during handling of air-
permeable blanks by monitoring the interior pressure inside the grippers’ central cavity. 

2 Low Pressure Suction Grippers 

Grippers using partial vacuums at moderate volumetric flow rates have been identified 
as one of the most promising technologies for automated textile handling [11]. 

Fig. 1 shows a sketch for a simple suction gripper. 

 
Fig. 1. Sketch of a simple suction gripper and Forces acting on a gripped Fabric. Based on [10] 

These systems usually feature central cavities, which are partially evacuated to a low 
pressure throughout this paper the differential pressure between suction cavity and sur-
rounding atmosphere will be depicted by . 
A suction plate, which may contain small holes preventing major material deformations 
and restricting airflow in non-covered areas, is usually attached to the gripper. This 
avoids “short circuits”, that would lead to a rapid decline in suction pressure  [12].  

In a one dimensional lifting operation the handled materials are generally subjected 
to four different forces [10]: 

�  a holding Force exerted by the pressure drop across a gripped sheet. An equation 
formulated by Götz relates the holding force exerted on the gripped material  to 
the pressure-drop  across the material by definition of an effective area . [12] 

  (1) 

�  the force excerted on the object by gravity. 
�  a combination of other dynamically acting forces in normal direction. Such as 

inertial forces or external forces these will hereinafter be called disturbances or dis-
turbance forces. 

�  a constraining force applied by the suction plate contacting the fabric. 

The contact force with which any gripped material is pressed against the suction 
plate can be described by [10]: 

  (2) 

Suction plate
Suction cavity
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3 Evaluation of the State of the Art 

3.1 Pressure Monitoring for Suction Grippers 

Götz measured differential pressures inside a low pressure handling system for leather 
blanks during operation for validation purposes, however, he did not relate them to 
significant process properties. [9] 
The gauge pressure inside a suction Gripper has been used for gripper control by 
Ehinger. The interior pressure was controlled by a PI-controller to match predefined 
values found by experimental analysis. Allowing for secure draping of a textile material 
even with some non-covered holes on the suction plate. [6] While controlling the inte-
rior pressure will lead to a response on disturbing forces acting on the handled material, 
these forces are not quantified. For that an additional observation of the supplied suction 
energy would be necessary. 

Fleischer et al. have shown a dependence of the internal negative pressure inside a 
coanda-effect based grippers’ suction cavity on the number of manipulated layers for 
air-permeable materials. In experiments placing up to 2 layers of textile materials be-
neath a suction plate and gradually decreasing the input power-stream to the gripper it 
was found, that for any given input power the interior pressure approaches a higher 
vacuum with additional layers adhering to the manipulator. This allows the system to 
directly estimate the number of sheets separated from a stack-magazine. [8] 

3.2 Gripping Force Estimation for Low Pressure Suction Grippers 

Fleischer et al were able to measure holding forces between a suction gripper and car-
bon fiber materials by attaching brass electrodes to the suction plate. The measured 
electrical resistance between the electrodes has been shown to directly depend on brass-
carbon contact resistances, which in turn decrease with higher holding forces applied 
to the handled textile. By designing control loops for energy efficient operation, they 
were able to create a dynamic system capable of quickly reacting to disturbances, while 
also reducing energy consumption by nearly 90% compared to a conventional static 
energy supply. Furthermore, they were able to control the holding force, such that a 
reliable separation of singular sheets off of a stack-magazine was possible. [8]  

This approach, however, relies on the electrical conductivity of the handled textile 
and is therefore not applicable for a wide variety of common materials.  

Brink et al. developed a “Force Controlled Variable Fan Gripping Module” incor-
porating an electrically powered fan as a vacuum generator. Strain gauges were inte-
grated into the fan grill, which serves as a suction plate in this system. With increasing 
handling forces, increasing deformations in the grill can be observed, which were in 
turn registered as a change in resistance for the strain gauges. Using this principle, Brink 
et al. were able to monitor process forces occurring during the handling of non-crimp 
fabrics. They furthermore noted, that a dependence of the gripping force on the number 
of attached layers is observable. [7]  
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Retrofitting sensor integrated suction plates introduces undesired complex altera-
tions to commercial gripping-systems. A less invasive approach for measuring disturb-
ances acting on the gripper is required. Monitoring the pressure inside the suction cavity 
promises to be an efficient solution to this problem. This research shows an approach 
for generation of a process model relating negative pressure to disturbance forces based 
on an offline calibration. This system can be used for online monitoring of handling 
operations. It may also be used as part of a state estimation algorithm allowing the 
gripper system to control contact forces at the gripper-material interface.  

4 System Description 

The SCG 1xE100 gripper used in this research (see Fig. 2) is manufactured by J. 
Schmalz GmbH. 
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Fig. 2. Left: SCG 1xE100 gripper with suction plate 

Right: cross sectional sketch of a coanda-effect based gripper based on [8] 

The gripper is activated by supplying air at a positive operating pressure  to port 1 
this high pressure air fills a primary cavity, which it can escape through a thin slit lead-
ing to a central secondary cavity. The inwards moving air will tend to adhere to the 
slightly curved top surface. This primary flow  facing upwards will have a suction 
effect on the air at port 2 creating a negative pressure  and a secondary airflow . 
During operation an additional suction plate is screwed onto the gripper at this interface. 
The combined airflow will leave the suction cavity by port 3. Another connection from 
the outside directly to the suction cavity is provided by port 1/2, which is usually used 
for a blow off functionality [5].  

Initial tests probing the internal suction pressure at different positions by laterally 
inserting hypodermic needles into the suction cavity have shown, that even small trans-
lational variations of the probing-position can have small (varying by about at 
suction pressures of ) but significant effects on the resulting pressure 
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readings. These differences are presumably caused by the non-homogenous suction 
plate geometry and turbulent flow regimes directly behind the it. Therefore, an optimal 
probing position should be situated as far away from the plate as possible. For transfer-
ability of measurements amongst different SCG- 1xE100 grippers the blow-off port 1/2 
has been chosen as an ideal probing position. 

5 Procedure 

An adapting gripping system capable of monitoring and reacting to changing disturb-
ance forces may be realized by using the controller architecture shown in Fig. 8. 

In such a system a desired contact force  can be set and controlled, which will 
directly implement dynamical reactions to any disturbance forces acting on the handled 
material (see equation (2)). A PID-controller can be used to dynamically change the 
operating pressure of a suction gripper depending on an error measurement based on 
desired and estimated contact forces between the gripper and the handled textiles. 

 

 
Fig. 3. Proposed control loop for the final gripper system. Parts analyzed in this research are 

highlighted 

This research aims to show how a disturbance force estimation in the shape of a model 
 can be obtained by taking the following steps: 

1. Recording of example pull-of-experiment data  
2. Construction of a mathematical model based on the obtained data 
3. Qualitative confirmation of the correlation between measured and estimated 

disturbance forces by applying the model to further validation tests 

6 Experimental Setup 

In order to characterize the correlation of disturbance forces  and the suction pressure 
 an experiment as shown below is set up. 
The experimental setup sketched in Fig. 3 consists of an SCG 1xE100 gripper that 

can be moved up and down by a distance  with a lead screw driven by an electric 
stepper motor (not depicted in the figure). The force , at which the gripper is pulled 
towards the base is measured by a force sensor. The material specimen is clamped be-
tween two metal plates with a central rectangular cutout (100x100mm seen in Fig. 3.). 
The operating pressure  is supplied by a proportioning valve, while the flow rate 

is measured by a flow meter and suction pressure  being monitored by a differen-
tial pressure sensor. 

Pressure/ 
Flow Sensor

Gripper, 
Textile

Pressure Control 
Valve

Disturbance-Force 
Estimation

PID-Controller
Desired Contact 

Force

Contact Force 
Estimation

+ -
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Fig. 4.  Sketch and photograph of the used test stand. 

 

Leakage

 
Fig. 5. Leakage occurring after deformation of the gripped fabric 

Pull-off tests have been performed by supplying a specific operating pressure  and 
moving the gripper upwards by an increasing distance , while recording  and . 
This movement leads to a gradual separation of the material from the suction plate al-
lowing for additional air to bypass the manipulated sheet, avoiding the pressure drop 
across the textile, leaking into the suction cavity and thereby decreasing the measured 
value of . This leakage happens in the test stand as well as when gripping freely 
hanging sheets as depicted in Fig. 4.  

7 Experimental Results 

7.1 Model Construction 

This section discusses the aforementioned offline calibration for the carbon fiber mate-
rial shown in Fig. 3.  

Exemplary pull-off tests yield the results presented in Fig. 5, with pull-off forces 
and differential pressures  plotted against the traveled distance s (Fig. 5 a).  and 
 are plotted against one another from test start up until the maximum force  is 

,  ,  
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reached (Fig. 5 b). The same plot is repeated on the right for measurements after  
was reached (Fig. 5 c). The clusters of lines shown in Fig. 5 correlate to supply pres-
sures of 0.5; 1; 1.5; 2; 2.5 and 3 Bar. 
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Fig. 6. Measured forces and negative pressures for an exemplary pull-off test 

At the beginning of any given pull-off-test the pressure  stays nearly constant, with 
no noticeable separation of the gripped material from the suction plate. Recorded forces 
are here mainly dominated by the material deformation. After 0.5-1.5 mm of travel 
slight separation can be observed with a decline in . The recorded forces keep rising 
until a maximum force  is reached close to an inflection point seen in the  

plot between 1 to 4 mm of travel. At s = ~5 mm full separation can be observed 
with forces quickly approaching 0 N and  settling at a non-zero value generated by 
the flow resistance of the installed suction plate. 

Since the supply pressure at the gripper is set and not directly measured, the operat-
ing air flow measurement , which behaves almost proportional to  has proven to 
be more reliable in dynamic situations. As seen in Fig. 5 the negative pressure increases 
practically linearly with increasing operating pressure, while decreasing almost quad-
ratically with increasing disturbance forces. Based on this observation a simple poly-
nomial modeling approach is 
chosen. A parameter optimization for the specific results shown in Fig. 5, gives a pol-
ynomial numerical model, relating pull off forces and operating pressure to the meas-
ured differential pressure (before  was reached): 

 (3) 

Here,  is given in norm liters per minute. 
The model represented by equation (3) reaches an adjusted  = 0.9930 over 224 sam-
ple points collected in 18 individual experiments. 
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Analogously, another model can be obtained for the part of the tests after the maximum 
force has been reached. 

 

 (4) 

Using the same approach, similarly close approximations have been found for a variety 
of different materials. The two models described above can be combined using a linear 
separator at .  

 (5) 

For any combination of  and  a corresponding estimated disturbance 
force  can be found by calculating the force, which minimizes the absolute difference 
between the predicted and measured negative pressure: 

  (6) 

7.2 Model Application 

Manually moving the gripper up and down on the test-stand allows for a comparison 
between measured forces and estimations made by the previously described models, 
solely dependent on  and . Results of these simple validation tests at an operating 
pressure of can be seen in Fig. 6. 

It is clearly visible, that significant disturbance forces and in turn separations are 
directly seen by the estimation. While both shown curves overlap for most parts of the 
diagram slight deviations can be seen, which may be explained by non-elastic behavior 
of the tested fabric. 

Estimated
Measured

 
Fig. 7. Model evaluation by manual movement of the gripper 
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In another test manually pulling the fabric down similar observations were made as 
shown in Fig. 7. 
 

Estimated
Measured

 
Fig. 8. Model evaluation by manual movement of the fabric 

Measured and estimated forces closely match one another while forces are applied 
evenly around the gripper. Under this load case the model estimation shows an average 
error of about . 
With punctual loads (as seen at  in Fig. 7) forces will not be estimated as pre-
cisely. Here, the estimated force is off by almost 100%. Nevertheless, it can be con-
cluded, that the estimation model qualitatively shows good correlation with the meas-
ured data. 

8 Conclusion and Outlook 

This work has introduced a differential pressure-based estimation method for disturb-
ance forces acting on fabric being manipulated by a low-pressure suction gripper. After 
obtaining experimental data, polynomial models can be formulated which serve as a 
look-up point for the desired force estimation. It has been shown, that such estimation 
model can be used to deduce qualitative information about forces acting on the gripped 
material. While these estimates do not show perfect resemblance of the forces, espe-
cially for different load cases, the two show a strong correlation. 

In future research these results will be generalized to allow for model estimation 
based on material properties and gripper characteristics. Which will then be used to 
define a control structure capable of adjusting the systems. As shown by the works of 
Förster such a control structure can furthermore be used for robust separation of singu-
lar sheets of air-permeable material from a stack magazine [3], paving the way for 
highly automated production lines in both classical and technical textile industries. 
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