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Abstract. Due to the lack of investigations and standards describing the design 
of real 3D input devices a real 3D input device was develop. To compare seve-
ral devices a test task was created and performed with combination of a motion 
capturing system. During the experiment 19 attendees with different levels of 
experience performed the test with this setup. Several intra-individual motion 
patterns and using strategies belonging to different input devices could be  
observed.  
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1   Introduction and Motivation 

International standard DIN ISO 9241‐400 (last version 2007) describes principles and 
requirements for physical input devices. One of these principles is to minimize bio-
mechanical strains, but there is no explanation how to reach this goal. Typically input 
devices (and in our case 3D‐input devices as well) are evaluated during the stage of 
development by different usability test methods, like questionnaire‐based test tasks. 
These predominately subjective evaluations indicate physical strain of the hand–arm–
shoulder‐system to be very high. But no simple relation to the objective parameters 
describing usability (course accuracy and handling time) could be identified [1] 

Our hand is a tool adapted to “manipulation”, a multitude of functions, most of 
which yet are even unknown, but not optimized for “indirect” manipulation of com-
puter devices. But in a lot of industrial applications it is necessary to use indirect 
manipulations due to “wrong” size (too big or too small), dangerous environmental 
conditions or security aspects which provokes a few diverse discrepancies. Thus for 
industrially used machines it is necessary to have a control by human computer inter-
faces, does mean brain-hand-computer interfaces, where functions of brain and hand 
are coupled in mostly (yet) unknown manner. Present input devices for such inter-
faces restrict movements of the hand in comparison with direct manipulation, and in 
contrast to common 3D-use of hands. These restrictions force to develop attitudes of 
usage which never are comfortable or ergonomically.  
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In 2007 the International Standard on “Ergonomics of human-machine-interaction – 
Part 400: Principles and requirements for physical input devices” (ISO 9241-400) had 
been published as well as “Part 410: Design criteria for physical input devices” (ISO 
9241-410). In these documents only generic ergonomic principles are given without 
any kind of data or evaluation criteria [3]. For 1D and 2D input devices literature gives 
good advices how the device should be constructed (see [4]). Krauss in 2003 [5] pub-
lished an evaluation concept for 2D pointing devices.  

During the last years several tests have been created to measure usability aspects of 
input devices with more than 2 input dimensions. One of these tests used at Ilmenau 
University of Technology is a migration of Krauss’ tests tasks from 2D to 3D envi-
ronments [6]. This test has been developed on the basic usability criteria “effective-
ness, efficiency and satisfaction”.  

Within these experiments applied to the as well in Ilmenau developed 3D input de-
vice “Haptor” [7] several tests were performed. The results of these first studies are 
based on questionnaires and subjective impressions. Only time to solve the tasks 
(duration) could be objectified. After first tests it becomes obvious that it is necessary 
to measure more parameters than demanded by the basic test tasks. Therefore we 
extended the setup to measure motions and current positions of input devices, to allow 
to compare them kinematically. 

2   Description of Experiments 

2.1   Test Equipment and Setup 

All experiments were executed in a laboratory protected against physical and psycho-
logical disturbances by other people, noise, machines or mechanical systems. The 
only confounder besides the presence of measuring systems was the laboratory tem-
perature, because during winter time we were not able to securely assure living room 
temperature. 

The measuring system used was a passive infrared motion capturing system called 
ProReflex from Swedish company Qualisys® AB. This system consists of 6 IR-
cameras, IR-reflecting (passive) spherical markers and a laptop with the measuring 
software necessary to record and analyze motion data. The software used for re-
cording was Qualisys Track Manager (QTM version 1.9.254). Analyzes also were 
made with QTM, with Microsoft® Excel2007, with SPSS v.14 and Matlab® R2007b.  

Fig. 1. shows the whole setup with the used hardware components, without ex-
perimentees and test executives. 

The above-mentioned test setup was prepared and tested for this special task within 
a pre-test stage over several months before the experiments started. During this time 
all influences of the system by the laboratory were minimized; the setup was adjusted, 
tested and finally recorded to ensure the reproducibility of the setup in later stages of 
(re-)experiments. 
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Fig. 1. Test setup for motion analyses with Qualisys® ProReflex 

2.2   Objects of Investigation 

During the tests the motions and motion ranges used by the utilization of three differ-
ent input devices for the same standardized input task was investigated. These input 
devices were two market available pseudo 3D input devices: a gamepad from Hama 
and a joystick from Saitek (see fig. 2a and 2b). They are called “pseudo-3D” because 
only two axes are controllable at the same by one hand and one input action; the third 
axis had to be controlled by the other hand via an additional input element (a second 
mini-joystick and a throttle). Normally the gamepad is able to control 6 DOF (joystick 
5 DOF), but ever only two dimensions at the same time. Both devices are angle based, 
but the test software generates a test task in which only the dead stop in each direction 
and the central position is necessary to be used. Therefore both devices can be com-
pared with the Haptor as (discretely) “translation based” input devices. 

In the gamepad input device, x- and y-axes can be simultaneously controlled by the 
right mini joystick; z-axis has to be controlled by left mini joystick. Both joysticks are 
self-resetting to their initial central position by small springs. These springs impresses 
a light force which is not perceivable during use. The design of this gamepad (and 
others) is so that the user has only one way to hold and use it: with both hands and the 
thumbs forming input elements. The kind of use (hands-free, partially or totally 
propped) was not dictated and could be changed during the test too. 

In Saitek’s joystick the big shaft was used to control x- and y-axes and the throttle 
for z-axis. The small knob at the top is also a mini joystick but was not used in tests. 
The shaft is self-resetting to the initial center position by a spring, and this center 
position is well perceivable. The throttle has no perceivable position and is not self-
resetting. The attendees could not use the joystick with their preferred hand because 
the necessity of controlling the throttle with the left hand (thumb or two fingers). The 
position on the table was not fixed; therewith the attendees could adjust the distance 
between them and the device to their physical needs. 
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              a) Hama PC Gamepad Greystorm                       b) Saitek Impact X7-33U (ST30) 

Fig. 2. Input devices tested 

The third input device investigated was a prototype of the self-developed real 3D 
input device called Haptor, from the Dept. of Working Sciences of the Ilmenau Uni-
versity of Technology (see fig. 3). All axes at this device can be controlled by one 
hand at the same time. The additional throttle function (for speed acceleration) of arm 
rest was not used during these tests. The grip (and therewith the coupling point bet-
ween human and machine) is represented by a ball. All three axes are not self-
resetting and have no perceivable center position. Irrespective to the handiness, all the 
attendees had to use their left hand for input actions. 

 

Fig. 3. Self-developed Haptor (Dept. of Working Sciences, TU Ilmenau) [7] 

2.3   Test Software and Test Tasks Performed 

To allow a standardization of the tests and to make the results comparable the ex-
perimentees had to perform a software given test task (see fig. 4). During this test they 
had to approach several goals marked by red dots. The current position was marked 
by green dots, and the whole test space was a cube with an edge length of 1024 pixel. 
The test consists of nine subtasks formed by translations from start via eight defined 
points to stop (which was equal to start position, for the whole test task see Tab. 1). 
The time to solve the test task was not restricted, but measured as “duration”. The test 
software writes a log file with a timestamp (in milliseconds), the position in x-, y- and 
z-coordinates (increments) and a marker “ze” for “goal reached”. These data have 
been written to file whenever new data were available at the USB interface.  

a) 

b) 
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Fig. 4. Test Software 

To support the experimentees during the tests, esp. to use the Haptor without other 
possibilities to control the spatial position, additional visual checkups were added on 
the right and bottom side of the main area. 

Table 1. Description of subtasks 

No. of subtask Starting point 
(x;y;z) 

Goal 
(x;y;z) 

Undef. P1 0 
Undef. (512;0;512) 

P1 P2 1 
(512;0;512) (512;1024;512) 

P2 P3 2 
(512;1024;512) (1024;512;512) 

P3 P4 3 
(1024;512;512) (0;512;512) 

P4 P5 4 
(0;512;512) (0;1024;1024) 

P5 P6 5 
(0;1024;1024) (1024;0;0) 

P6 P7 6 
(1024;0;0) (0;0;0) 

P7 P8 7 
(0;0;0) (1024;1024;1024) 

P8 P9 

 

Fig. 5 
 

8 
(1024;1024;1024) (512;512;512) 

Due to hard- and software specificities not all input devices could reach the maxi-
mum of 1024 increments as well as the minimum of zero increments, according to the 
pixels of the cube shown. It was necessary to create an area of about 60 increments 
(depending on the type of input device) as a trapping area around the goal, which was 
accepted as “goal reached”. 

2.4   Characterization of Experimentees (Test Subjects) 

The tests were performed with 19 attendees (14 male, 5 female) with a mean age of 
23.5 years (range 19 from to 30 years). Two of the attendees are left-handed (but this 
was not considered as a co-factor). All of them stated that they were in good physical 
condition without any discomfort or diseases of neck-shoulder-arm-hand system. The 
anthropometric data of the attendees were measured three times each, as well before 
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and after the tests. The anthropometric data measured were tested for normal distribu-
tion and statistical deviations to the control data of DIN [8] and [9].  

Because the attendees were a highly selected group (students) they could not match 
the means of the German overall population. Standard t-test confirmed significant 
differences (p < 0.05). 

2.5   Experimental Chain 

Each test started with an explanation of the whole experiment to the attendees, and a 
short training period with each input device, if necessary. Afterwards the first two 
measurements of anthropometric data were conducted. After this 22 IR-reflecting 
spherical markers were fixed at shoulder and arms like described in [10]. Additional 
five markers were fixed at each hand (shown in fig. 5), and three markers at the head 
(both temples and chin, see fig. 6). The points to fix the markers were palpated, but the 
markers could not be applied at bare bodies of attendees because of the low temperature. 

 

Fig. 5. Position of the hand markers 

The investigator started the test software and the motion capturing system for the 
first run, the order of devices was: joystick, gamepad, Haptor. After this run the test 
person had to perform some physical actions (static: hold a weight of 2.5 kg in each 
hand; dynamic: squeeze a spring dumb-ball with a compression force of 100 N by 
each hand). Then the whole test was repeated. The second test additionally has been 
videotaped.  

 

Fig. 6. An experimentee performing the test (with Haptor) 
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2.6   Aims, Hypotheses and Methods 

With the experiment described at first we simply but necessarily tried to test whether 
a motion capturing system with passive IR-markers is appropriate to investigate mo-
tions occurring during the use of 3D input devices. A second aim was to investigate 
the usefulness of different input devices for 3D input tasks by the use of standardized 
tests. 

The hypotheses for the first experimental stage were: 

1. For each input device different patterns are detectable and characterizable. 
2. Due to the different design of the devices investigated the duration and the time to 

execute discrete parts of the tests differ. 
3. Individuals have different motion patterns, but remodeled by the device used. 
4. These patterns also depend on the grade of experience with such devices. 
5. The patterns change after a provoked fatigue. 

To test the hypotheses motion capturing system (QTM) data were collected and con-
ditioned. Synchronously log-file data were recorded and also conditioned, especially 
adequately scaled to QTM data. Afterwards relevant QTM data (data of markers at the 
elbow, wrist, fingers, acromium and vertebra C7) were filtered and their specific veloci-
ties and accelerations were calculated (by MATLAB routines with algorithms taken from 
[11]). All data chosen were tested with statistic standard methods.(by SPSS). 

3   Results  

3.1   Analyses of Hardware Log-Files 

Haptor shows up to be the slowest input device (as well what concerns point-to-point 
as overall duration of task) shown in fig. 7, but on the other hand deviations between 
demanded and realized trajectories are lower than in the two other devices, as long as 
real 3D-movements (including a z-component like in subtasks four to seven like 
shown in fig. 8) are on demand.  

 

Fig. 7. Comparison of subtask duration of all input devices 
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Fig. 8. Comparison of subtask deviations of all investigated devices 

3.2   Analyses of QTM®-Data 

In all trials, no significant motion of the upper body (represented by marker C7) could 
be observed. Observable kinematics were restricted to hand-arm-system. 

Vice versa mobility was realized by giving up fixation of wrist, in extreme visible 
in case of Haptor, where the lift of the arm from the hand rest is represented by lift of 
elbow and extension of wrist joint (cf. fig. 9). All attendees used hand rest had also 
negative values of lifting but a smaller range of wrist joint angle than attendees which 
are had not used the rest. The extension of wrist joint were significantly lower at at-
tendees which are had not used the rest.  
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Fig. 9. (a) Lift of attendees using the hand rest, (b) Lift of attendees not using the hand rest, (c)  

Comparison of resulting wrist joint angle of both  
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Fig. 10. Intra-individual patterns of three experimentees at a gamepad (right thumb,  
x-component QTM data) 

Intra-individual patterns of kinematics did not occur systematically, but were ob-
servable in a subset of experimentees (fig. 10). 

Another pattern could be abstracted: In case of gamepad, experienced users  
(“gamers“) keep contact to the mini-joysticks only during “action“, as long as a posi-
tion is intended to be kept thumbs are lifted (fig. 11). This is represented by peaks 
which are correlated with reversal points of the logged input action.  

 

Fig. 11. Effect of thumb lifting at an experienced gamepad user 

No effects of fatigue could be shown. 

4   Discussion 

The missing observation of fatigue effects indicates that our “loading“ of experimen-
tees was too low – obviously today usage of computer mice provokes a general train-
ing effect on endurance of hand-arm-system.  

None of the devices analyzed provided observable inter-individual patterns. The 
occurrence of intra-individual patterns in subsets of the experiments indicates the 
adaptivity of users to devices – primary goal of ergonomics is the adaptation of de-
vices to the physiology (and thus needs) of users. 
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From our bionic synthesis of manipulative robots we know, that human grasping 
(and as well pointing) at minimum is composed of two atavistic factors: 

1. reaching, performed by long elements (lower arm, upper arm, scapula),  
2. grasping sensu strictu, performed by the hand 

Both functions in the multifunctional human hand-arm-systems are adapted to a va-
riety of yet not completely identifiable, partly diverging tasks, leading to compromises 
in structure and control. To mirror that nature given boundaries into human-machine-
interfaces in future more intensely has to be based on function-morphological knowl-
edge on reaching and grasping. Thus in our experiments in the next steps we shall 
focus on human and primate biology incl. handiness more than on technical devices. 
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