




0  10 20 30 40 50 60 70 80  N 100
0  

0.5

 N 

1.5

applied force

ab
so

lu
te

 e
rr

or
 (Z

1--F
r)

 

 

δ = 0 mm
δ = 14,5 mm
δ = 20,5 mm

 
Figure 4. Performance of z-sensor for varying point of contact. 

 
It can be seen that the measuring error varies with the con-

tact point. Although this happens within a small range, it is rec-
ommended to apply loads during calibration at the most likely 
contact point, which is at the very tip of the finger. For contacts 
that occur away from the tip, the measuring error might then be 
greater. But this is acceptable, since this type of contact normally 
only occurs during collisions and for collision detection the 
measuring error is of minor importance. 

 
4. Advanced interpretation of sensor signals 

 
Until now, the sensor signals have been treated separately 

and no computation has been performed on the signals. But to 
use the data from the sensory gripper during the control of han-
dling processes further information has to be derived by combin-
ing the single data streams. The most important information is 
the actual gripping force that acts on the grasped object. The 
gripping force is also called internal force since it only appears 
inside the gripper system and cannot be observed from the out-
side. If no external force acts on the gripper fingers, the absolute 
values of both x-sensors in fingers 1 and 2 should be equal to the 
gripping force. But if an additional force acts from the outside 
there might be a load shift from one finger to the other. Therefore 
the actual gripping force is derived by calculating the arithmetic 
mean of the measured forces X1 and X2. 
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To evaluate the equation, experiments with the gripper and 
the reference load cell were carried out. Therefore the load cell 
was placed upright on a stand between the fingers of the opened 
gripper. Then the gripper was closed while the signals were rec-
orded from the DAQ. This experiment was repeated for different 
preset motor voltages. The graph in figure 5 compares exemplari-
ly for one single run the calculated gripping force Fg with the  
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Figure 5. Calculation of gripping force from x-sensor signals. 

measured forces X1, X2 and the measured force of the reference 
load cell Fr. It can be seen that Fg is equal to Fr which proves that 
the assumptions have been correct and that equation (1) is suita-
ble to calculate the gripping force. 

Besides the internal gripping force, the value, direction and 
contact point of external forces are of interest during the control 
of handling processes. These external forces can be caused by 
unforeseen collisions with other objects or during the joining 
with another object. Figure 6 depicts a free-body diagram of two 
gripping fingers and a grasped object. From the equilibrium of 
forces along the x-axis the following equations for the external 
force Fext,x can be derived. 

 21, XXF xext +=  (2) 
Similar equations can also be derived for external forces 

along the y- and z-axis. 
 21, YYF yext +=  (3) 

 21, ZZF zext +=  (4) 
To get the direction and value of the overall external force 

the equations (2) to (4) can be combined to a vector equation. 
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Figure 6. Planar free-body diagram of gripper finger and grasped object. 

 
Experiments were carried out to evaluate the equations. A 

rectangular workpiece was grasped by the gripper and then the 
load cell was used to push against the workpiece from different 
directions. A ball-shaped tip that was screwed to the load cell 
reduced the contact area to nearly point contact and allowed the 
measurement of the contact point position. The graphs in figure 7 
demonstrate the experiment results for an external force along the 
x-axis (a) and the z-axis (b). The experiments with y-sensors 
delivered comparable results. 

The graph in figure 7 a) shows an interesting behavior of X1 
and X2 for external forces over 15 N. If a positive external load is 
applied along the x-axis, the absolute value of X2 increases while 
the absolute value of X1 decreases by the same amount at the 
beginning. This is the expected behavior and results in a constant 
overall gripping force Fg. But when the external force Fext,x fur-
ther increases, X1 starts to increase together with X2 which repre-
sents an increase of the gripping force, although the gripper actu-
ator is not powered. Figure 8 depicts the reason of this phenome-
non. Due to the leverage effect of the workpiece, the gripper fin-
gers are spread apart. Since the fingers cannot draw aside due to 
the self-locking transmission of the gripper actuator, the spread-
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ing results in elastic deformation of the finger and therefore in-
creases the gripping force. 
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Figure 7. Calculation of external force from a) x-sensors and b) z-sensors.  

 

X1 = -24N

t = 22.43st = 21.0s

Fg = 24N

Fext,x = 6N

t = 24.0s

Fg = 47NFg = 24N

Fext,x = 28N

X2 = 24N X1 = -21N X2 = 27N X1 = -33N X2 = 61N

 
Figure 8. External force increases gripping force due to leverage effect. 

 
The leverage effect allows the determination of the contact 

point from the force sensor signals. The equilibrium of moments 
around the y-axis delivers equation (6). The distance w between 
the both finger tips is a function of the tilt angle α, but for the 
expected forces α is very small and it is assumed that 
w(α(Fext,x)) = w(0°), which equals the width s of the workpiece. 
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In this case the contact point is described by the distance h 
form the upper side of the finger tip, like depicted in the free-
body diagram in figure 6. Figure 9 shows the result of an online 
calculation of h for the same experiment as in figure 7 a). Equa-
tion (6) is only when the leverage effect is in progress. 

 
5. Sensor network for gripper sensors 
 

For principle experimental investigations the evaluation of 
sensor signals was performed on an external central processing 
unit. The DAQ provided the necessary measuring and control 
hardware. This is not in the sense of a sensorial material, since a 
sensorial material should perform decentralized preprocessing of 
the sensor signals and should communicate ready-to-use infor-
mation to high level control systems. The next generation of sen-
sory gripper fingers should head towards an active sensorial ma-
terial. The transition from a passive to an active sensorial materi-
al component will be performed using decentralized active sensor 
nodes that are arranged in a sensor network integrated in the fin-
ger structure. Each sensor node will provide signal acquisition, 
data processing, and communication. The integrated sensor net-
work will lead to increasing functionality and robustness. Using a 
central processing system requires manual calibration of all six 
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Figure 9. Calculation of external force contact point from sensor signals. 

 
sensors. Self calibration and adaption to the change of environ-
mental conditions through the network of sensor nodes will ease 
initiation and the usage of the measurement system.  

 
6. Conclusion 

 
This paper demonstrates the concept of a mechanical gripper 

with sensory gripper fingers made of passive sensorial material. 
The gripper fingers contain six single sensors and can perform 
multiaxial force sensing of internal and external forces. Experi-
ments showed that the measuring accuracy is of suitable quality 
for handling process control, if the calibration is done at the tip of 
the gripper finger. Collisions can be detected at all points below 
the x-sensor section. Therefore the measuring accuracy is of mi-
nor importance. The six single sensors deliver data about the 
acting forces divided into basic force components along the x-, y- 
and z-axis. To get information about the effective gripping force 
or external load, further computation has to be performed. The 
gripping force can be calculated by the arithmetic mean of the 
both x-sensor signals. The direction and value of an external load 
can be derived from the combination of all six signals. Due to the 
leverage effect it is also possible to determine the contact point of 
an external load at the workpiece. The transition from a passive 
to an active sensorial material by the integration of decentralized 
sensor nodes connected via a network is part of the future re-
search. 
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