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Abstract 
The orthosis of FES could help spinal cord 
injury (SCI) subjects generate muscle 
contraction to produce grasping force. 
However, the current for FES is controlled by 
manual input and it is troublesome to 
stimulate properly. The purpose of this work is 
to send the signals from slip and force sensors 
to a closed loop FES system so that the SCI 
subjects could grasp objects with minimal 
force. The force sensor is composed of 
pressure conductive rubber, CSA, and comb 
pattern electrode that can measure the 
strength of the force. The slip sensor is made 
of light-emitting diodes which can detect 
movement between the object and the hand 
when the object is falling down. 

In order to help the patient grasp object with 
the aid of electrical stimulation, electric 
current is applied to the palm and forearm of 
the patient to induce muscle contraction, thus 
hold the object can be hold. When the slip 
sensor stops sending signals, the value 
detected by the force sensor is the minimal 
value of grasping force. Difference between 
minimal grasping force and detected grasping 
force can be measured in real-time by using 
LabVIEW. Therefore, adjustment of intensity 
of electrical stimulation can be achieved by 
maintaining the minimal grasping force that 
improves grasping object in less fatigue. 

 

1  Introduction 
FES used for SCI patients can generally be 
classified into two categories. The first is to aid 
patient in restoring activity in their lower limbs. 
The second is to establish the function of 
grasping by electrical stimulation on upper 
limbs. Currently, there are several electrical 
stimulation systems for restoring patient’s hand 
function [1, 2]. However most of them are 

open-loop systems and require settings and 
adjustments by users. 
In this work the grasping control system 
contains two feedback signals: one is from 
grasp force sensor, and the other is from slip 
sensor. Dropping objects from palm can be 
avoided by using force sensor so as to maintain 
grasping force[3]. Unfortunately, the grasping 
force needed is set by user himself. The 
muscles may not be able to hold objects for a 
relatively long period of time due to fatigue. To 
keep the grasp force minimal the slip sensor 
was applied [4, 5]. However, objects falling 
from the palm may occur again and again 
because of the decay of muscle strength due to 
fatigue. 
Therefore, this work intends to integrate the slip 
and force detection. When the slip occurs and is 
detected, the system will then increase the grasp 
force in order to stop the slip. The system will 
maintain the force after the slip stops to 
maintain the optimal strength and avoid 
untimely muscle fatigue due to decay of grasp 
force. 
 

2  Methods 
Fig 1. is the control process of this work which 
includes a slip feedback loop and a force 
feedback loop. The thick lines represent the 
route of feedback control of slip, and the dotted 
lines represent feedback control of force. When 
the object slip is detected by the slip sensor, the 
program will analyze the signal frequency and 
send a gain value. If the value is greater than 
one the process goes back to the control 
program and increases the electric stimulation 
strength. If the value smaller than one that 
means the slip stops. The stimulation strength 
remains unchanged and then the force sensor 
feedbacks the signal to the control program and 
maintains the grasping force that is the minimal.  
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Figure 1. Block diagram of grasp control process. 
 

2.1 FES system 
Six surface electrodes are placed on forearm to 
accomplish the grasp experiment [3, 5]. Three 
movements such as finger extension, thumb 
bending, and finger flexing are manipulated by 
three stimulation channels. The first channel is 
responsible for extension of the five fingers by 
electrical stimulation on EDC and FPL. The 
second channel stimulates the AbPB and 
lumbricals to bend the proximal and middle 
phalanges of the index and middle fingers. The 
last channel can bend all fingers except the 
thumb by stimulatiing FDP and FDS.  

The frequency and built-in bandwidth of the bi-
phase signals used in this work are 25Hz and 
600μs respectively. 

 

2.2 Slip and Force Sensors 
The force sensor used in this work is composed 
of two materials: the conductive rubber CSA 
and the flexible printed circuit board (FPCB) as 
shown in Fig 2. The comb pattern electrode is 
etched on the FPCB as conductive circuit of the 
force sensor. The dimension of the force sensor 
is 30mm x 62.5mm and placed on the inner side 
of the thumb to contact the object. The 

relationship between pressure force and voltage 
output of CSA is tested as shown in Fig 3. 

 

 
Figure 2. Construction of force sensor   
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Figure 3. Voltage output and pressure force detected 
by the force sensor 
 

The slip sensor used in this work is redesigned 
from an optical mouse which can detect the slip 
velocity [5]. The slip sensor is thus placed on 
the grey coloured plastic tube that has a through 
hole to let go of the infrared ray. Therefore, the 
slip of the inner tube can be detected as shown 
in Fig 4. 

 
Figure 4. FES system using force sensor and slip 
sensor  for controlling grasping. 

 
3  Results 
Three normal subjects are tested in this work. 
Figure 5 to Figure 7 show the results of holding 
two objects of 350g and 500g respectively. The 
value of grasping force maintains almost 
unchanged once the object is held by the palm. 
Several decays of the grasping force are 
observed during the experiment, the electrical 
current intensity increases immediately and 
prevent object slipping in time. 
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The slipping sensor can feedback relative 
motion and adjust grasping force to an optimal 
value as shown in the following figures. The 
steps of the thick solid lines in those figures 
point out the changes of stimulation current. 
That is so called minimal value thus favours to 
fatigue.  
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(b) 

Figure 5. Current and grasping force relationship of 
subject 1 holding object of 350g (a) and 500g (b) 
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Current and Force vs Time
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(b) 

Figure 6. Current and grasping force relationship of 
subject 2 holding object of 350g (a) and 500g (b) 
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(b) 

Figure 7. Current and grasping force relationship of 
subject 3 holding object of 350g (a) and 500g (b) 

 

4  Discussion and Conclusions 
The force sensor designed in this work is 
composed of pressure conductive rubber CSA 
and comb pattern electrodes to detect the 
grasping force. With the closed-loop system 
design, one can keep the grasp force almost 
unchanged in a minimal value. Furthermore, 
this work can find the optimal force to grasp an 
object of unknown weight owing to the use of 
the slip sensor. 

The only inconvenience of using the slip sensor 
is that the size of it is too large to be placed in 
the palm. It is suggested that a smaller sensor 
such as a finger mouse may be used. 
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