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Abstract: In this work we report on the improvements to the actuation system, as well as on the detailed po-
sition and force sensor calibration, for an anthropomorphic robot hand with remotely located actuators and 
sensors. The preliminary development of a computer-based control system is also described. We show that 
the concept of sensing the force and position of the robot fingers remotely, through actuating cable tension 
and position measurement, is achievable for teleoperator applications. 
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I INTRODUCTION 
 

The UOM Robot Hand, introduced in [1], is an an-
thropomorphic gripper.  This means that it is an end 
effector which is similar in appearance and function 
to the human hand, with human biology used as the 
source of inspiration in its creation.  Anthropomor-
phic hands have the outstanding advantage of versa-
tility with regards to the grasping of objects of differ-
ent shapes and sizes. In order to attain this goal, it is 
beneficial to have a dexterous robot hand with a suf-
ficient number of degrees of freedom, as well as a 
sensing system of the highest quality. However, the 
number of actuators and sensors required, if placed 
on the hand itself, would in general increase the 
weight of the hand, thus reducing its payload. They 
may also interfere with the grasping of objects. An 
approach which avoids this problem is to place the 
actuators and sensors remotely located from the 
hand. 

Remote actuation can be achieved through a cable 
transmission system; a mechanism similar to the way 
human muscles function. The latter consist of small 
muscles located in the human hand. However, the 
movement of the hand is mainly attributed to flexor 
and extensor muscles located in the forearm [2]. An 
imitation of this biological system has been success-
fully developed in a number of well known anthro-
pomorphic robotic hands, such as the Utah/Mit Hand, 
developed in 1983 [3], the UB Hand II (1992) [4], 
and the DIST-Hand (1998) [5]. As can be seen, the 
concept of remote actuation has been included even 
in some of the first anthropomorphic hands. This is 
because, early in the development of this research 
area, it was understood that the reduction of the 
weight of the hand is crucial, and that this weight 
reduction could potentially be achieved through re-
mote actuation. 

 
Unlike actuation, remote sensing is uncommon in 

robotic hands. One may argue that remote sensing is 
not a necessity since the increase in weight using 
sensors currently available is very minimal. Although 
this may be true for some sensors, there are other 
disadvantages when using on-board sensors. When 
attached to the hand, sensors may constrain certain 
movements and grasping that the particular anthro-
pomorphic robotic hand might have otherwise been 
able to perform. This is most critical for the finger-
tips of the robotic hand. One must also keep in mind 
that certain sensors may not withstand some of the 
conditions to which the robotic hand might be ex-
posed, such as extreme temperatures and pressures as 
well as vibrations and impacts. Through remote sens-
ing, the particular sensors used may be placed in a 
safe remote location. 

II BASIC DESIGN OF THE                        
UOM ROBOT HAND 

 
With the growth of interest towards humanoid robots, 
anthropomorphism of robotic hands became a neces-
sary design goal [6]. The UOM Robot Hand, a pro-
ject which commenced in late 2005, was preceded by 
a number of projects in the same lab, the Industrial 
Automation Laboratory (IAL) of the Department of 
Industrial and Manufacturing Engineering (DIME) at 
the University of Malta. These projects provided im-
portant results, and were the preliminary steps in the 
path towards building an anthropomorphic robot 
hand in the lab. Amongst these projects are a three-
fingered, nine-joint gripper [7], a five degree-of-
freedom (DOF) hand and wrist system [8], as well as 
a three DOF anthropomorphic robot finger [9]. Other 
relevant projects include a biologically inspired grip-
per slip sensor [10] and a detailed dexterity study 
[11]. These projects provided a number of guidelines 
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which helped in the design of the UOM robot hand 
described briefly in the following paragraph. 
 

The UOM Robot Hand is described in detail in 
[1]. It has three fingers and a thumb.  The fingers are 
made of stainless steel links, with aluminium pulleys 
at each joint.  The joints are located at positions simi-
lar to ones found in the human hand. Each finger has 
three flexion joints with two degrees of freedom, at 
the inner, or MCP, joint, and the middle, or PIP, 
joint. The outermost, or DIP, joint, is coupled to the 
PIP joint. With this coupling, when the PIP joint is 
driven through an angle θ, the DIP joint is made to 
rotate by an angle of ⅔θ. It works for both flexion 
and extension of the joint without the need for a re-
turn spring. The human fingers are however equipped 
with yet another DOF. This occurs at the carpometa-
carpal (CMC) joint, located at the base of the meta-
carpal bone of each finger. While this joint allows the 
human fingers very limited motion which could be 
omitted in the robot hand design, it allows the human 
thumb another vital DOF. As a result, the thumb of 
the developed robotic hand has a rotary degree of 
freedom and two coupled flexion joints. The eight 
DOF hand designed is shown in Figure 1. From the 
photo presented, one can clearly understand that the 
robotic hand created is very similar in appearance to 
the human hand. It is also similar in function; how-
ever one must understand that it is very difficult to 
replicate the human hand: a twenty-one DOF organ 
which has developed over millions of years. 

 

 
Figure 1: The UOM Robot Hand                  

(reproduced from [1]) 
     

 
The actuation system of the hand is made up of eight 
DC motors, one for every DOF. Each motor is linked 
to a reduction gearbox and a leadscrew, and con-
nected to one finger joint through a cable transmis-
sion system. This cable transmission system is analo-
gous to the tendon system found in the human hand. 
Before the upgrading of the UOM Robot Hand took 
place, the basic design was based on single acting 
actuation systems. Finger joints opened through a 
return spring mechanism. 

The UOM Robot Hand is also equipped with the 
position and force sensors illustrated in Figure 2 and 
Figure 3 respectively, one each for every DOF.  The 
position sensing system is based on a linear potenti-
ometer.  The potentiometer wiper is fixed to the cable 
which varies the voltage proportionately to a change 
in position, thus providing a reading of the cable 
movement.  The force sensing system is also made 
up of a linear potentiometer which is connected in 
parallel to two springs of 6 KN/m each.  These 
springs extend with force application thus giving a 
change in voltage proportional to the cable tension. 
Thus, the force sensor makes use of Hooke’s Law 
which states that the extension is proportionate to the 
load just as long as this load is not too large. 

 

 
Figure 2: Position Sensor                                     

(reproduced from [1]) 
 

 
Figure 3: Force Sensor                                         
(reproduced from [1]) 

III MECHANICAL UPGRADING OF THE                             
UOM ROBOT HAND 

 
In this work, upgrading of the robot hand led to the 
twin actuation system shown in Figure 4. The loop 
created by the open and close cables now allows 
double acting remote actuation. This has added 
smoothness to the motion of the joints as the opening 
of the finger joints can also be controlled accurately. 
Also, no energy is lost in potential energy in the re-
turn spring.  
 
A number of other minor improvements were imple-
mented to the basic design of the UOM Robot Hand, 
some of which are shown in Figure 5. One of these 
upgrades involved the manufacturing of a threaded 
hole in each pulley so as to facilitate the fastening of 
the actuation cables, and thus facilitate dis/assembly. 
The actuation system was also equipped with new 
sleeves which secured the positioning of the cable 
sheaths. This was important so as to increase the ro-
bustness of the design. To increase safety, push-to-
break switches were also installed for every joint. 
With such a switch, when the actuation system 
mechanism of that particular joint reaches its limit, 
the power to that motor would be restricted to one 
direction so that the finger joint can only be operated
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Figure 4: Double-acting actuation and sensing system for one finger 
 
 

   
 

Figure 5: Some of the improvements performed of the basic UOM Robot Hand design: (left to right) 
Screws fixing cables to the pulleys; New sleeves with manufactured step; Push-to-break switch  

 
away from the limit. Another improvement that took 
place was the changing of the cable sheaths. The new 
sheaths installed are made of an extra plastic coating 
on the inside. This was done in order to decrease the 
friction between the cable and the sheath. Other mi-
nor mechanical improvements were performed so as 
to increase user friendliness, safety, and stability of 
the mechanism, and to facilitate further the 
dis/assembly of the system.   

IV COMPUTER INTERFACING 
 
Before calibration of the sensing systems could 
commence, the potentiometers and their outputs had 
to be connected to a computer system so that the user 
could compare multiple results together. The level of 
interfacing achieved is that of obtaining the voltage 
readings of all sixteen potentiometers (both position 
and force sensor readings), translating these readings 
into angles and fingertip forces respectively, as well 
as asking the user for the desired angles of each joint 
and indicating to him/her when the joint is in place.  
 

The hardware used in this system were two NI 
USB-6009 DAQs with eight analogue input channels 
each, a Breadboard for easy connections of the   
various single strand wires involved, a power  supply   

                    

The last stage of this program was to allow the 
users to select the angles which they want the joints 
to move to.  Three LEDs for each joint on the front 
panel tell the user to open or close the joints, or that 
the joints are within two degrees of the desired posi-
tion. This part of the program is shown in Fig. 7. 

 

giving a potential difference of 10V at the end termi-
nals of each potentiometer, and a regular computer.  

 
The software needed was designed using Lab-

view Ver. 7.1. Labview uses a graphical program-
ming method. Figure 6(a) shows the necessary icons 
used, their connections, and their placing to obtain 
the position sensing results seen in  

 
Figure 66 (b). In these figures, one can see that 

the voltage value from each channel, which repre-
sents a reading from a particular potentiometer, is 
passed through a formula whose equation was 
achieved through calibration, and the new values are 
outputted on counters. These values represent the 
actual angular position of each joint. The force sens-
ing system used similar software design. However it 
is meant to involve more formulas as it is split in two 
stages, that is, the conversion of voltage readings 
from each potentiometer into tension, and the calcu-
lation of the forces at the fingertips, through position 
and tension readings of the two joints of that particu-
lar finger. 
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Figure 6: (a)Block diagram of the position sensing program (b)Front panel display for pos
 
 
 

              
   
 

Figure 7: (a) The block diagram and (b) front panel, for angle selection and indica
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V POSITION SENSING CALIBRATION AND 
RESULTS 

 
To transform the voltage readings of the position 
sensors into the respective angles, it was essential to 
find a relationship for each joint between the voltage 
reading and the actual angular position of the joint. 
These relationships were obtained by curve fitting to 
extensive experimental data, and the equations for all 
joints were then used in the completion of the com-
puter-based position control system described in Sec-
tion IV. 
 

A device was custom built for this project so as 
to allow the angles of both joints to be measured.  
This device, as attached to the robotic hand, is dis-
played in Figure 8. One must note that the centre of 
the larger protractor is aligned with the centre of the 
joint shaft, whilst the smaller protractor is fastened 
appropriately to adjust to the angle of the MCP joint. 
To make this alignment easier, the axis of the shaft 
centres were joined with a red marker. The reading of 
the thumb joint angles, as seen in Figure 9, were 
taken in a slightly different way due to their different 
structure and functionality. 
 
 

 
Figure 8: Angle measuring device with the large 
fixed protractor and the smaller adjustable one 

 

 
Figure 9: Thumb position calibration 

 

 
Three sets of readings with fifteen values each 

were taken for every joint. The readings were then 
plotted on a number of graphs; one of which is seen 
in Figure 10. The equation of the curve of best fit for 
every joint was obtained.  The equations for all joints 
were then inputted in the formulae used by the soft-
ware created, as described in Section IV above. 
 

 
Figure 10: Angle vs. Voltage Graph for the PIP 

joint of the middle finger 
 

In the next stage an accuracy measurement on 
each joint was performed. Here, fifteen readings of 
random positions were taken for each joint, and the 
true angle was compared to the one displayed by the 
software, as calculated through the equations ob-
tained by calibration. A summary of the results of 
these experiments can be seen in Table 1 below. 
 

 

Joint Average Error Maximum Error

Thumb Rotation 0.93° 2°
Thumb Flexion 0.6° 2°

MCP Index 3.13° 6°
PIP Index 1.4° 3°

MCP Middle 2.4° 4°
PIP Middle 3° 5°
MCP Ring 1.73° 4°
PIP Ring 1.6° 5°  

     
Table 1: Results of Accuracy Experiments for all 

the joints 
 

As can be seen, the results achieved are quite sat-
isfactory.  A global average error of only 1.85° and 
an average maximum error of 3.875° were obtained. 
One can also see that the thumb flexion joint has an 
average error of just 0.6° and a maximum error of 2°. 
These results indicate that remote position sensing 
can be, in fact, performed with the method used.  
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 It is also believed that better results can be at-
tained if potentiometers of higher quality are used.  
This is because the variability from one potentiome-
ter to another was high, which resulted in very differ-
ent relationships between the angles and the voltages 
of different joints. This limited the comparison of 
different joints and their results. An even greater 
source of error both during calibration and during 
accuracy measurement is parallax error. The chance 
of a greater error rises as the distance between the 
angle measuring device and the particular joint being 
calibrated increases. The prevention of this error 
proved most difficult in measurements performed on 
the middle finger since this is furthest from either 
side of the device, and the view of which is some-
times obstructed by the presence of the other fingers.  
 

VI FORCE SENSING CALIBRATION AND 
RESULTS 

 
As briefly explained in Section IV, obtaining the fin-
gertip forces for every finger is more complex than 
position sensing. Force sensing can be split into two 
main stages. The first stage involves the conversion 
of the voltage output of the force sensors into a value 
of the tension experienced by the cable of the particu-
lar joint. To obtain this, every sensor was calibrated 
by loading it with a maximum mass of 44lb (~20kg) 
whilst taking a reading at every 2lb (~0.91kg). Five 
such cycles for each sensor were performed, some of 
which involved the unloading of weights rather than 
the loading so as to check for hysteresis. The positive 
outcome of this stage can be seen in Figure 11, where 
one can notice that all the points on the graph lay in 
great proximity to the curve of best fit. Certain force 
sensors, however, showed some constant discrepancy 
between the loading and unloading readings, as well 
as some “dead zones” where a change in the mass 
was not followed by a voltage change. “Dead zones” 
mostly occurred with a change in the loading se-
quence (that is, from loading to unloading or vice 
versa) and at very low masses. The latter case can be 
clearly seen in Figure 11, where the first 20N in-
crease resulted in practically no change in voltage 
readings. To reduce this error, one of the two 6KN/m 
springs was removed. This made the force sensor 
much more sensitive, reducing the “dead zones” to 
insignificant errors. Unfortunately with this change, 
the force sensor lost some of its balance. Thus, the 
remaining 6KN/m spring should be replaced by two 
3KN/m springs for future studies. Another minor 
modification to increase the accuracy of the force 
sensors was the use of the potentiometers in a reduc-
ing manner. In other words, when the sensor is 
loaded, the potentiometer output decreases from 10V, 
rather than increases from 0V. Although this resulted 
in a graph in which the line of best fit has a negative 

gradient, the effects of noise on the voltage output is 
relatively reduced since it is only a very small per-
centage of a relatively high output voltage.  
 

 
Figure 11: Tension vs. Voltage Graph for the PIP 

joint of the middle finger 
 

Fingertip force testing was then commenced. For 
this calibration, a piezoelectric force sensor with a 
maximum working load of 15N was mounted on a re-
configurable stand which allowed the sensing of the 
fingertip force in most joint positions. For the pre-
liminary tests, a number of data were gathered with 
only one variable at a time. An example of this is the 
graph in Figure 12. Here, Series 1 shows the relation-
ship between the fingertip force and the tension of 
the MCP joint, with the tension of the PIP joint cable 
at a constant 5.2N and the angles of the MCP and PIP 
joints fixed at 28° and 14° respectively. Series 2 
shows this same relationship with the tension of the 
PIP joint cable at a constant 35N and the angles of 
the MCP and PIP joints fixed at 21° and 39° respec-
tively. These two series show the consistency in the 
results obtained. 
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Figure 12: Relationship between Fingertip Force 

and Tension of MCP joint of ring finger 
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The results of similar tests on the PIP joint are il-

lustrated in Figure 13, where one can see that the 
relationship of this joint to the fingertip force is less 
consistent than that of the MCP joint. Nonetheless, 
the results obtained are acceptable, since although the 
gradients of the two series are not exactly the same, 
minor differences in the parameters are present. 
Some of the inconsistency is due to the difficulties 
experienced when increasing the tension of the PIP 
joint cable since this sometimes altered the joint an-
gle. This resulted in some inaccuracies such as the 
non-perpendicular contact with the force sensor, as 
well as the predictable change in force at different 
angles through kinematic effects.  
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Figure 13: Relationship between Fingertip Force 

and Tension of PIP joint of ring finger 
 

The last step in the force sensing calibration will 
involve the calculation of the fingertip force through 
a formula which links the relationships between all 
the variables. One such formula is that derived in [1]. 
However, the calculated force through this formula 
did not match the actual force obtained from the 
force sensor readings in our experiment. Unfortu-
nately this theoretical formula neglects the weights of 
the finger links, and more importantly it neglects the 
effects of friction. During the course of this project, 
the reduction of friction was given a lot of impor-
tance. One of the major efforts performed was the 
changing of old cable sheaths to ones which are 
coated with plastic on the inside. However, although 
decreased, the effect of friction has so far remained 
significant.  
 

Another source of error encountered in this hand 
project, most especially during force sensing experi-
ments, but also to a smaller scale in the position sens-
ing experiment, is the loss of cable tightness. A num-
ber of authors on remotely actuated robotic hands 
with cable transmission complain of this effect. Some 
of these authors explain their efforts in the attempt at 
reducing this occurrence [12], [13], [14]. 
 
 
 

VII CONCLUSION 

In this work, we have built on the results of [1], to 
gather the lessons taught to us by human anatomy, 
and we have constructed an anthropomorphic robot 
hand with remotely located actuation and sensory 
systems. In this respect, the robot hand mimics the 
human hand, which has many of its actuators (mus-
cles) and even sensors located in the forearm [2]. In 
spite of an advanced sensory system, the human hand 
greatly relies on the very high quality visual feedback 
produced by the human eyes as well as the sophisti-
cated knowledge base of the human brain. Although 
cable transmission systems are associated with some 
inaccuracies [15], these allow adequate precision 
particularly in cases where the hand is to be used in 
teleoperations mode, analogous to the method of use 
of human hands. In such situations, the demands on 
actuator and sensor accuracy are reduced.  Even 
though some precision is lost due to the distance 
from the fingers of the robotic hand to the point of 
sensing, with this work it is shown that the level of 
accuracy experienced in remote sensing is still ac-
ceptable when compared to other sensing methods. 
The concept of sensing the force and position of the 
fingers remotely through the cable tension and posi-
tion has thus been demonstrated.  

Remote actuation and sensing can truly be a solution 
to avoid bulky and cumbersome designs for dexter-
ous anthropomorphic hands. This paper has shown 
all the improvements to the remote actuation and 
sensing systems used in the UOM Robot Hand, as 
well as the calibration and verification experiments 
performed. 
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