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INTRODUCTION 

Commercially available arm prostheses do not fulfil 

the requirements of the users. Twenty to forty percent of 

arm amputees choose not to wear a prosthesis. Of those who 

wear a prosthesis, roughly half does not use the full 

functionality it offers. Instead, they use the prosthesis for its 

cosmetic function [1]. 

A prosthesis should look natural, be comfortable to 

wear, and easy to use [2]. Unfortunately, shoulder controlled 

body powered prostheses require high operation forces, 

resulting in discomfort and fatigue of the users [1, 3], which 

results in high rejection rates [4]. 

The ease of prosthesis control depends (among other 

things) on the necessity of watching the operation of the 

prosthetic prehensor, to prevent slipping or crushing of the 

object grasped. Eliminating the need for visual monitoring 

the operation will lead to subconscious control, therewith 

decreasing the mental load of operating the prosthesis [5]. 

Humans know where their limbs are in space due to 

proprioceptive feedback cues in the human body. Visually 

monitoring of the limbs is not necessary to know where the 

limbs are in space and which forces are acting on the limbs. 

Compared to externally powered prostheses, body powered 

prostheses have the advantage of offering direct 

proprioceptive feedback. The user of a body powered 

prosthesis can feel the forces and displacements with which 

he is operating the prosthesis. Up to now, no commercially 

available arm prosthesis utilizes the full advantage of 

proprioceptive feedback. Mostly these prostheses require 

too high operating forces [6, 7]. The high operating forces 

are assumed to disturb the proprioceptive feedback. 

During shoulder controlled prosthesis operation, the 

user’s body movements result in cable displacement, which 

is directly related to the opening width of the terminal 

device. The relationships of body movement, cable 

displacement, and opening width of the terminal device are 

shown in Figure 1. Since body movements are fed back by 

the proprioceptive feedback cues to the central nervous 

system (CNS), the user is aware of his movements. Thus, in 

a way the user is aware of the opening width of the terminal 

device without looking at it. Figure 1 also shows that the 

user’s muscle force results in a cable activation force, which 

is directly related to the pinch force of the prehensor. 

The focus of this study is the relationship between the 

user’s muscle force and the cable force. More details of this 

relationship can be found in Figure 2, which shows an 

 

 

 

 

 

 

 

 
Figure 1: Relationships is prosthesis control 

 

overview of the human-prosthesis control interface. Muscle 

activation, stimulated by the CNS, results in muscle force. 

Via the shoulder harness-skin interface and the socket-skin 

interface the control cable is tensioned, which results in 

cable activation forces. Since the Bowden cable mechanism 

causes friction when the inner cable is moving with respect 

to the outer cable, the cable activation forces are split into 

cable forces before the Bowden cable, called human cable 

activation forces, and into cable forces after the Bowden 

cable, called the prehensor cable activation forces. 

 

 

 

 

 

 

 

 
Figure 2: Human-prosthesis control interface 

 

Figure 2 illustrates how the user receives force feedback via 

his Golgi tendon organs (GTO) and his tactile sense. The 

GTO sense the created muscle force and transmit this force 

information to the CNS. Additionally, via the shoulder 

harness-skin and socket-skin interfaces, the skin senses 

pressure and sends this kind of force information to the 

CNS. Because of these feedback paths, the user is aware of 

his created cable forces. In normal motor control tasks, the 

GTO play an important role in force feedback, more than 

tactile feedback [8]. 

The quality of the feedback, and thus the performance 

of the man-machine-system, depends on two components: 

the mechanical properties of the system, and the window of 

feedback perception of the human body. This window of 

feedback perception has a certain range and resolution. 

Forces and differences in forces can be too low to perceive. 

Furthermore, a user might notice fluctuations of forces only 
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in a certain frequency range. 

The literature does not state at which force levels the 

human perceives enough feedback to take advantage of the 

effect of EPP and direct proprioceptive feedback. 

The purpose of this experimental research was to find 

a window of optimal cable operation force, in which a 

human perceives the best feedback without feeling pain and 

getting exhausted. Once an optimal operation force window 

is known, the grasping forces required for daily activities 

need to be related to the optimal cable forces. This should 

result in a force transmission ratio for new prosthesis 

design. 

Due to the page limitations of this paper, in the 

following sections only some of the major issues are 

discussed. A more detailed description of the experiments 

and the results will be published in due time. 

METHOD 

The used measurement procedure was based on the 

psychophysical measurement method of adjustment [9]. 
 

Subjects 

Thirteen subjects without arm defects (7 male and 6 

female) and 7 subjects with arm defects (4 male and 3 

female) participated in this study. Twelve of the 13 subjects 

without arm defects were right-handed. The subjects of this 

group were on average 25±3 years old, were 178±10 cm 

tall, and had a body weight of 71±10 kg. On average, the 

seven subjects with arm defects were 42±13 years old, were 

180±6 cm tall, and had a body weight of 70±7 kg. All 

subjects with an arm defect were prosthetic users; 3 used a 

myo-electric prosthesis, and 4 voluntary opening shoulder 

controlled prosthesis. 
 

Measurement equipment 

The hardware used during the experiments consisted of 

a ‘one fits all dummy prosthesis’, which was connected to a 

shoulder harness via a Bowden cable. The Bowden cable 

was fixated to the ‘dummy’ prosthesis in such a way that 

cable displacement was disabled. This setting simulated the 

grasping of non-deformable objects. A load cell, measuring 

the cable forces, was connected to the cable, and was 

located between the shoulder blades of the subject during 

the experiment. The load cell was connected through an 

amplifier and a data acquisition system to a laptop, which 

was running a LabVIEW program. The measurement setup 

is shown in Figure 3 and Figure 4. 

 

 

 

 

 

 

 

 
Figure 3: Schematic overview of the measurement equipment 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Measurement setup showing the dummy prosthesis (1), 

shoulder harness (2), force sensor (3), inner Bowden cable (4), 

outer Bowden cable (5), and laptop with LabVIEW measurement 

program (6) 

Task 

Five experiments with five different force levels (5, 10, 

20, 30 and 40 N) were carried out. During the experiments, 

the subject needed to reproduce a given reference force, 

once while seeing the reference force on the laptop screen, 

and once without seeing the reference force, Figure 5. The 

subject was requested to reach the reference force level as 

fast as possible and hold the reproduced force as constant as 

possible. 

During the experiments the subject wore only a T-

shirt, sat on a chair without armrests and looked at the front 

panel of the LabVIEW program on a computer screen. The 

dummy prosthesis was placed on the right arm of all 

subjects without arm defects. Subjects with arm defects 

wore their own prosthesis. The ‘dummy’ prosthesis was 

placed over the prosthesis to establish a better connection 

with the measurement equipment to the stump. In every 

other respect, the task was the same for both groups. 

The subject was instructed to deliver forces by 

abduction and adduction of the arm wearing the ‘dummy’ 

prosthesis and by protraction of the opposite arm/shoulder 

or a combination of those three. The subject was free to 

determine the optimal strategy.  

Figure 5 shows the beginning of one experiment at one 

reference force level. The red line indicates the reference 

force, the blue line the reproduced force. The duration of 

one block was 15 seconds followed by a break of 5 seconds. 

A beep identified the beginning and the end of each 

reference force block wave (Figure 5). Furthermore at every 

second reference force block wave, the waveform chart was 

switched off. This means that the subject could see the 

reference force and the reproduced force at the first 

reference force block wave (= block with visual feedback) 

and could not see the reference force and produced force at 

the following reference force block wave (= block without 

visual feedback). Because of the beeps the subject knew 

during the block without visual feedback when to start and 

stop reproducing the reference force. Another block with 

visual feedback followed, continued by a block without 
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Figure 5: Illustration of the beginning of one experiment at 

reference force level 20 N. The red lines indicate the reference 

force, the blue lines the reproduced force. The length of each block 

is 15 seconds with a break between the blocks of 5 seconds; means 

and standard deviations (std) are taken from the last 7 seconds of 

each block. 
 

visual feedback, and so on (Figure 5). One experiment 

contained 15 blocks with visual feedback (henceforth 

referred to as visual blocks) and 15 blocks without visual 

feedback (henceforth referred to as blind blocks). 

Five reference force levels (5 N, 10 N, 20 N, 30 N, and 

40 N) were measured. The reference force levels were 

offered to the subject in a randomized order. The vertical 

axis settings in LabVIEW were chosen in a way that the 

reference force was always shown in the middle of the 

vertical axis of the waveform chart. 
 

Performance criteria 

The performance of a subject depended first of all on 

how well a subject was able to estimate and reproduce the 

given reference force, henceforth referred to as 

reproducibility. In daily activities we estimate the pinch 

force our hand creates, which is needed to grasp and hold an 

object. In an ideal world the pinch force of a prosthesis is 

directly related to the cable activation force of the 

prosthesis. A prosthetic user needs to estimate the cable 

force he is creating using the shoulder harness of the 

prosthesis. Herewith the estimation of the pinch force of the 

prosthetic hand is made. A bad estimation of the pinch force 

might result in the slipping or crushing of a held object. 

The mean of the reproduced force of each block was 

averaged across the last 12 blocks (mean of means). A 

measure of reproducibility was the deviation of the 

reproduced force (mean of means) and the reference force.  

A second performance criterion was the ability of a 

subject to hold the reproduced force at a constant level, 

henceforth referred to as stability. When grasping and 

holding a vulnerable object, the boundaries of tolerable 

pinch forces might be narrow. Therefore it is important to be 

aware of deviating the pinch forces and thus the cable 

activation force. The standard deviation of the reproduced 

force of each block was averaged over the last 12 blocks 

(mean of noise) and was taken as a measure of stability.  

Last but not least, a measure of performance was the 

ability to reproduce the same force several times, henceforth 

referred to as repeatability. Once a prosthetic user learned 

the required cable force to grasp and hold a certain object, 

he needed to be able to recreate this cable force each time he 

wanted to handle this specific object. Over the last 12 blocks 

the standard deviation was taken from the mean values of 

the reproduced force at each block (noise of means). This 

was taken as a measure of repeatability. 

RESULTS 

Subjects without arm defect 

The difference between the reproduced and reference 

force was measured the smallest in terms of absolute and 

relative reproducibility between the 20 and 30 N 

experiments. The absolute stability and repeatability minima 

are found at 5 N, whereas the minima for relative stability 

and repeatability are found during the 30 N experiments. 

The higher the reference force level becomes during 

the experiments, the higher the average values of absolute 

stability and repeatability become. Additionally, the higher 

the reference force level becomes during the experiments, 

the higher the deviation across the group of subjects 

becomes for reproducibility and repeatability. 

During the 5 and 10 N experiments, the highest 

deviation between the reproduced and reference force result 

in terms of relative reproducibility. Additionally, the highest 

values in terms of relative stability and repeatability are 

found during these experiments. Furthermore, the deviations 

between the subjects’ results are the highest for the 5 and 

10 N experiments in terms of relative reproducibility, 

stability and repeatability. 
 

Subjects with arm defects 

All seven subjects with arm defects succeeded in 

finishing the 5 N experiment, whereas only six of the 7 

subjects were able to complete the 10 and 20 N experiments. 

The 30 N experiment was carried out by four of the seven 

subjects with arm defects and three of the tested seven 

subjects succeeded in carrying out the 40 N experiment. 

The results of the subjects with arm defects were 

compared with the subjects without arm defects. For the 

subjects with arm defects, the force where the reproduced 

force equals the reference force is found between 10 and 

20 N in absolute and relative sense, whereas these values are 

in between 20 and 30 N for the subjects without arm 

defects. The results for stability and for repeatability of both 

groups overlap in absolute and relative sense. 

CONCLUDING REMARKS 

The purpose of this study was to find an optimal 

operation force, at which the prosthetic user receives the 
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best force feedback during comfortable prosthesis operation. 

Three performance factors were introduced: reproducibility, 

stability, and repeatability. The following conclusions can 

be made about the subjects without arm defects: 

 An optimum is found between the 20 and 30 N 

experiments for absolute & relative reproducibility.  

 The optimum for relative stability and repeatability is 

found during the 30 N experiment. 

 The optimum for absolute stability and repeatability is 

found during the 5 N experiment.  

Although the optima for absolute stability and repeatability 

are found for the 5 and 10 N experiments, these operation 

forces cannot be called the optimum, as these experiments 

show the worst performance and highest deviation across a 

group of subjects in terms of relative reproducibility, 

stability and repeatability. 

The 40 N experiments show no significant differences 

to the 30 N experiments, where the optimum operation force 

is found, in terms of absolute and relative reproducibility as 

well as for relative stability and repeatability. Still, an 

operation force of 40 N cannot be called an optimum 

because the highest deviation between the subjects is found 

in terms of absolute reproducibility at this force level. Thus, 

subjects are not always equally capable of reproducing a 

certain force. Moreover, the results of the 40 N experiments 

show the worst performance and highest deviation between 

subjects in terms of absolute stability and repeatability. This 

means that subjects are not capable holding a force at a 

constant level during one block and have difficulty 

reproducing the same force at different moments in time. 

Another objective of this research is based on the 

question: Can the performance of a person with arm defect 

be predicted using the experimental results of subjects 

without arm defects? The stability and repeatability 

performance of subjects with arm defects does not differ to 

the performance of subjects without arm defects. The same 

is found for the absolute and relative reproducibility of the 5 

and 10 N experiments. However, for the 20, 30 and 40 N 

experiments, the average results across the group of subjects 

with arm defects are lower than the lower standard deviation 

border of subjects without arm defects for absolute and 

relative reproducibility. Therefore, a difference in 

reproducibility performance is found for the three higher 

forces between subjects with and without arm defects. 

Furthermore, the reproduced force equals the reference 

force between 10 and 20 N for the subjects with arm 

defects, whereas this optimum is found between 20 and 

30 N for subjects without arm defects. Thus, another 

difference in reproducibility performance is found between 

subjects with and subjects without arm defects.  

The fact that subjects with arm defects did not succeed 

in performing experiments with the higher reference forces 

(30 and 40 N experiments) implies that those cable forces 

are too high to operate during daily activities for subjects 

with arm defects. Indeed, the lower optimal force level for 

reproducibility performance emphasizes this conclusion. 

In summary, the following points can be concluded 

from this research: 

 The optimal operation force, at which the user receives 

optimal feedback and is able to control the prosthesis 

comfortably, is found between 20 and 30 N for subjects 

without arm defects. 

 A lower optimal operation force between 10 and 20 N 

is found for subjects with arm defects. Stability and 

repeatability performances of subjects with and without 

arm defects are comparable. 

 Cable forces between 5 and 10 N are too low to be 

controlled with optimal force feedback. 

 The border of comfortable operation is found around 

the cable activation force of 40 N. At this boundary, the 

proprioceptive feedback is disturbed. 

 A uniform prosthesis design can be used for female and 

male prosthetic users.  
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