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Abstract. In a laboratory study with N = 42 participants (thirty novices and 
twelve virtual reality (VR) specialists), we evaluated different variants of colli-
sion feedback in a virtual environment. Individuals had to perform several  
object manipulations (peg-in-hole, narrow passage) in a virtual assembly scena-
rio with three different collision feedback modalities (visual vs. vibrotactile vs. 
force feedback) and two different task complexities (small vs. large peg or wide 
vs. narrow passage, respectively). The feedback modalities were evaluated in 
terms of assembly performance (completion time, movement precision) and 
subjective user ratings. Altogether, results indicate that high resolution force 
feedback provided by a robotic arm as input device is superior in terms of 
movement precision, mental workload, and spatial orientation compared to  
vibrotactile and visual feedback systems. 

Keywords: Virtual environments, virtual prototyping, virtual assembly, haptic 
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1 Introduction 

While virtual reality (VR) technology is used in many fields of applications nowadays 
(like entertainment, edutainment, training and personal selection), our study focuses 
on virtual prototyping or assembly as it is one very promising approach to take advan-
tage of the VR technology in the industrial domain. VR technology can be used to test 
mountability and usability in early design phases without physical prototypes [1], 
allowing significantly shorter product development cycles. 

In the last years, virtual prototyping or assembly with so-called “digitial mock-ups” 
(DMUs) is used routinely, for instance, in aviation or automotive industry. Virtual 
assembly has been defined as “the use of computer tools to make or ‘assist with’  
assembly related engineering decisions through analysis, predictive models, visualiza-
tion, and presentation of data without physical realization of the product or supporting 
processes” [2].  
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Thus, VR technology can be used to test and refine assemblability and evaluate 
changes of the assembly procedure [3]. Although approaches for automated assembly 
sequence planning (“computer aided assembly planning”, CAAP, e.g. [4]) exist, as-
semblers’ knowledge is still indispensable when trying to evaluate and optimize com-
plex (dis-)assembly operations [5]. Moreover, VR technology also has the potential to 
serve as a training platform for future assembly workers.  

The human-machine interface used to interact with the VR should allow for com-
plex and natural manual interaction of virtual objects or tools. Furthermore, the VR 
system should provide sufficient sensory information to facilitate users’ spatial orien-
tation and sense of immersion. 

Immersive VR requires a high degree of visual realism, like high quality 3D visu-
alization in real-time with unnoticeable delay. One major challenge, when simulating 
complex part interactions in VR settings is a realistic detection and display of colli-
sions [6]. Collision information thus supports the human operator in understanding 
the spatial configuration, correcting position and orientation of the virtual object cor-
respondingly and finding the target position [5]. In this work we mainly focus on 
three different modalities of displaying collisions in VR: visual, vibrotactile, and force 
feedback. 

In the following section 2, we will provide a literature review on vibrotactile, vis-
ual, and force feedback of collisions in virtual environments. Next, methods (section 
3) and results will be described (section 4) and discussed (section 5). 

2 Collision Feedback in Virtual Environments 

Visual Feedback. Visualization perhaps is the simplest and most frequently used 
form of collision feedback. Additional collision cues can be integrated easily, and no 
further output device is necessary. In prior studies, collisions have been visualized 
using arrows [7],[8], color changes [9],[10], or bar graphs indicating collision force 
and direction [11]. Nevertheless, one potential drawback of visualizing collisions 
might be that transferring visual as well as audio information into the force domain is 
cognitively demanding [11] and rather unintuitive. Moreover, adding dynamic visual 
aids to the VR visualization, which quickly change their shape, orientation, or color, 
potentially results in visual clutter and hence increased cognitive load. Compared to 
haptic feedback, however, visual feedback (e.g. symbolic arrows) has the potential to 
convey precise and unambiguous directional information how to solve an existing 
collision. In line with this notion, there is evidence that visual feedback is processed 
more rapidly and reaction times are shorter compared to haptic feedback [12].   

Vibrotactile Feedback. One alternative to displaying collisions in VR is vibrotactile 
feedback. One general advantage of haptic feedback is that visual scenario informa-
tion and haptic collision information complement each other as it is the case in real 
world scenarios [13]. In terms of information processing, using two different instead 
of one perception modality for conveying information should reduce the risk of over-
loading perceptual and cognitive resources. Compared to purely visual feedback, 
information can be presented independently from head or gaze direction [14].  
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Thus, users are able to plan object movements based on the visual scenario informa-
tion and integrate collision information for trajectory corrections at the same time. 
Furthermore, in situations with obstructed view or occlusions, lacking visual informa-
tion can partly be substituted by haptic information.  

In contrast to force feedback systems, vibrotactile devices are less expensive, ligh-
ter, and provide larger workspaces. Besides, tactile feedback provides passive res-
ponses (i.e., no force is applied actively). Therefore, there is no conflict between 
feedback and the user’s sense of position and less muscular fatigue [9]. Indeed,  
researchers could provide evidence that vibrotactile feedback can produce results 
similar to force feedback [14], [15] and even better results than visual feedback in 
teleoperation tasks [16].  

Force Feedback. While vibrotactile feedback has the potential to improve the inte-
raction in the VR, active force feedback systems significantly enrich the interaction in 
VR, resulting in a higher sensation of presence or immersion. The realistic and intui-
tive feedback of (collision) forces, significantly improves the user’s performance 
when manipulating virtual objects (e.g. [8], [17], [18]). In his comprehensive work on 
force feedback in teleoperation, Massimino [14] gathered empirical evidence that 
force feedback is superior to auditory or vibrotactile feedback, when performing ma-
nipulation tasks or insertions with obstructed view. These performance benefits are 
mainly due to the fact that users are provided with realistic contact forces and are also 
forced into the correct orientation or position by force feedback. Thus, virtual objects 
can be guided more efficiently along kinesthetic constraints when there is not suffi-
cient visual information (e.g. [8]).   

3 Method 

Sample. Thirty participants were recruited from the student and staff population of 
the German Aerospace Center. Moreover, twelve virtual assembly experts from au-
tomotive industry participated in the study, resulting in a sample of forty-two individ-
uals (MAGE = 30.3 yrs.; MdAGE = 27). All participants read and signed a consent form.  

Apparatus 
Visualization Hardware. We used a 47’’ LCD monitor (200Hz) with 3D polariza-

tion display capability. Users sat approximately 1.5m away from the screen. 
Tracking System. Users’ hands were optically tracked using the Vicon Bonita sys-

tem (240Hz) when testing visual and vibrotactile feedback conditions. Five infrared 
cameras pointing at the workspace were used, and the users had a tracked structure 
attached to their hands, consisting of four retro-reflective markers.  

The Vibrotactile Feedback Device (VibroTac). VibroTac is a vibrotactile feedback 
device which was developed at the German Aerospace Center (see Fig. 1). It is used 
to apply vibrotactile stimuli to the human arm [19]. The device can be attached on a 
wide range of arm diameters while battery power and a wireless control interface 
contribute to unrestricted movement capability and user convenience. 
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Fig. 1. The vibrotactile feedback device “VibroTac” 

Six vibration segments are distributed around the human arm in equal distances. Sev-
eral VibroTac devices can be worn for distributed feedback. The maximum data up-
date rate is 1600 Hz.  

The Force Feedback System. DLR’s haptic interface is composed of two light-
weight robot arms which are attached horizontally at a column (see Fig. 3, right). The 
robot arms have a length of about one meter and the available workspace is similar to 
that of the human arm. The user’s hand is attached to system at a handle with Velcro 
fasteners. In order to minimize muscular fatigue, a feedforward algorithm is used to 
reduce the inertia of the robotic arms.  

3.1 Experimental Task, Design and Procedure 

Experimental Task. Participants started with a rectangular peg-in-hole task (see Fig. 
2, left) with two different peg sizes (40 vs. 50 mm width, 100 mm length). Individuals 
had to move the peg from a pre-defined starting position (see Fig. 2, left, big red 
point) and pass the peg through a rectangular hole in the surface (52 mm width, 102 
mm length).  

 

Fig. 2. Peg-in-hole task (left) and narrow passage (right) with ideal movement paths (red); the 
surface area of the two columns are indicated with a green dashed line 

Next, a more complex assembly task had to be performed with partially obstructed 
view (see Fig. 2, right). Subjects started below the rectangular passage and had to feed 
the rectangular peg (50 mm width) through two columns (80 vs. 60 mm distance). 
Finally, the two-pin object had to be assembled (see Fig. 2, right).  
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In each task block, subjects completed a training trial first. Afterwards, subjects 
completed an experimental trial with the less difficult configuration first and then the 
more difficult configuration. Altogether, a number of 3 (1 training and 2 experimental 
trials) x 2 (task blocks) x 3 (feedback conditions) = 18 trials had to be completed. 

After each feedback condition, subjects filled out the NASA-TLX questionnaire 
([20]; German version), the System Usability Scale (SUS; [21]), and a questionnaire 
including items on spatial orientation, collision resolution and feedback clarity. 

4 Results 

Feedback modalities were evaluated using objective performance data and subjective 
user feedback in post-experimental questionnaires and interviews.  

Objective Data. As objective performance indicators, we analyzed the time to com-
plete the tasks (TTC) and the average collision forces during trials.  

Time-to-complete. First, a repeated measures analysis of variance (ANOVA) with 
Feedback (V vs. VT vs. FF) and Difficulty (small vs. large peg) as repeated measures 
was performed on the TTC measure in the peg-in-hole task. While there was no sig-
nificant main effect of Feedback (F(2;39) = 1.01; ns.), a highly significant Difficulty 
main effect (F(2;40) = 27.82; p < .001) occurred. Furthermore, a significant two-way 
interaction between both factors (F(2;39) = 8:49; p = .001) was evident, with a signif-
icant Difficulty effect in the FF condition only. In this condition, completion times for 
the easy trials (small peg) were significantly lower (M = 7.71s, also see  Tab. 1) than 
for the difficult trials with a large peg (M = 10.45 s; teasy – diff. (40) = 5.59; p < .001). 
Although no overall Feedback effect was evident, participants were fastest in the dif-
ficult trials when having VT collision feedback compared to the other feedback condi-
tions (tVT-V (40) = 1.89; p = .07; tVT-FF(40) = 2.90; p < .01). 

Similarly, analyzing TTCs in the narrow passage trials indicated no significant 
Feedback effect (F (2,39) = 0.57; ns.), but a highly significant Difficulty effect (F 
(1,40) = 23.5; p < .001). In each Feedback condition the TTC was significantly lower 
in the easy trials compared to the difficult trials (all ts (40) = 2.9; ps < .01). No inte-
raction effect was found (F (2,39) = .37; ns.). 

Collision Force. Analyzing the average collision forces in the peg-in-hole trials re-
vealed significant Feedback (F (2, 39) = 23.6; p < .001) and Difficulty (F (1, 40) = 
7.85; p < 0.01) main effects. A marginally significant interaction effect was found (F 
(2, 39) = 2.52; p < .10). Indeed, the Difficulty effect was largest and highly significant 
in the FF condition (t (40) = 3.93; p < .001), significant in the VT condition (t (40) = 
2.67; p < .05) and non-significant in the V condition. Contrasting the Feedback condi-
tions revealed highly significant differences between the FF condition (Measy = 0.8 N; 
Mdiff. = 1.7 N) and the V condition (Measy = 8.1 N; Mdiff. = 11.3 N; both ts (40) > 4.8 
and ps < .001). Similarly, the average forces in the VT condition (Measy = 10.4 N; Mdiff. 
= 13.8 N) were significantly higher than in the FF condition (both ts (40) > 3.2 and ps 
< .01). No differences between VT and V were evident (both ts < .88).  

Finally, we explored collision forces in the narrow passage trials. Again, highly 
significant main effects of Feedback (F(2;39) = 15.1; p < .001) and Difficulty 
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(F(1;40) = 36.3; p < .001) were evident. Moreover, the interaction effect of both fac-
tors was highly significant (F(2;39) = 14.9; p < .001). Contrasting collision forces for 
the easy vs. difficult passage revealed a significant difficulty effect in the V (t(40) = 
3.03; p < .05) and a highly significant effect in the VT and FF condition (both ts (40) 
> 4.3; ps < .001). Besides, forces in the FF condition were significantly lower for both 
the easy and the difficult passage (all ts(40) > 3.87; ps< .01). The highest forces were 
measured in the VT condition in the difficult passage trials. In this case, forces were 
even significantly higher than in the V condition (t(40) > 2.3; p < .05). 

We did not find significant differences between the both subsamples (novices vs. 
VR experts) in the performance analyses reported above.  

Subjective Data. Workload. A repeated measures ANOVA on the NASA-TLX over-
all score (scale ranging from 0-20) revealed a highly significant Feedback condition 
main effect (F (2, 40) = 8.6; p = .001). We found significantly lower workload scores 
for the FF condition (M = 6.2; SD = 2.5) compared to the V (M = 8.5; SD = 3.7; t (41) 
= 4.2; p < .001) and the VT condition (M = 7.7; SD = 3.0; t (41) = 2.6; p = .01). The 
average workload scores in the VT and V condition did not differ significantly (t (41) 
= 1.5, p = .13). This result pattern was similar for the NASA-TLX items “Mental 
Demands”, “Performance”, “Effort”, and “Frustration”. No significant differences 
were found for the remaining items “Physical Demands” and “Temporal Demands”.  

Spatial Orientation. [“I had a good overview of the spatial configuration, even in 
situations with restricted view or occlusions”, for all items scale ranged between 1-7; 
1=”I fully disagree”; 7=”I fully agree”] A highly significant ANOVA main effect (F 
(2, 40) = 14.8; p < .001) was found. Ratings in the FF condition (M = 5.2; SD = 1.2) 
were significantly higher compared to the V (M = 3.3; SD = 1.6; t (42) = 6.0; p < 
.001) and VT condition (M = 4.0; SD = 1.5; t (42) = 4.1; p < .001). Moreover, ratings 
in the VT conditions were significantly higher than in the V condition (t (42) = 2.8; p 
< .01).  

Collision Resolution. [“There were repeated situations in which I did not know 
how to resolve a collision”]. A significant ANOVA main effect (F (2, 40) = 4.5; p < 
.05) was also found. Individuals indicated that in FF conditions these situations oc-
curred significantly least frequently in the FF condition (M = 2.8; SD = 1.6) compared 
to the V (M = 3.6; SD = 1.6; t (42) = 2.3; p < .05) and VT (M = 3.9; SD = 1.7; t (42) = 
3.1; p < .01) conditions. No such difference was evident comparing V and VT (t (42) 
= .90; ns.)  

Feedback clarity. [“Collision feedback was unambiguous”] A highly significant 
ANOVA main effect (F (2, 39) = 33.9; p < .001) was found. Ratings in the FF condi-
tion (M = 5.7; SD = 1.2) were significantly higher compared to the V (M = 4.7; SD = 
1.6): t (42) = 3.9; p < .001) and VT condition (M = 3.4; SD = 1.4; t (41) = 8.0; p < 
.001). Moreover, the difference between VT and V condition was highly significant (t 
(41) = 4.2; p < .001).  

Usability. ANOVA indicated a significant condition main effect (F (2, 41) = 12.9; 
p < .001), with the highest usability rating in the FF condition (M = 82.2; SD = 12; 
with a scale range from 0-100) and significantly lower ratings in the V (M = 72.6; SD 
= 17.1; t (42) = 3.7; p = .001) and the VT condition (M = 68.6; SD = 15.2; t (42) = 
4.9; p < .001). The difference between the V and VT conditions did not reach the 
conventional level of significance (t (42) = 1.5; p = .15). 
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Table 1. Performance and subjective measures: Means and standard deviations  

Objective Measures   Visual  Vibrotactile  Force Feedback 

Time-to-Complete [s] 

Peg-in-hole (Easy)   8.51 (4.91)  8.16 (5.21)  7.71 (3.51) 

Peg-in-hole (Difficult)   9.79 (6.25)  8.40 (5.01)  10.45 (4.66) 

Narrow Passage (Easy)  13.71 (7.09) 12.66 (8.06) 13.01 (6.1) 

Narrow Passage (Difficult)  24.38 (28.2) 20.16 (20.8) 21.86 (15.29) 

Collision Force [N]   

Peg-in-hole (Easy)    8.1 (9.70)  10.4 (19.1)  0.8 (0.9)  

Peg-in-hole (Difficult)  11.3 (12.8)  13.8 (23.2)  1.7 (1.7)  

Narrow Passage (Easy)  18.7 (29.4)  18.6 (36.9)  1.0 (0.7) 

Narrow Passage (Difficult)  28.4 (26.0)  49.2 (66.7)  2.9 (1.8) 

Subjective Measures (Scale range) Visual  Vibrotactile Force Feedback 

Workload   (0-20)  8.5 (3.7)  7.7 (3.0)  6.2 (2.5) 

Spatial Orientation (1-7)  3.3 (1.6)  4.0 (1.5)  5.2 (1.2) 

Collision Resolution (1-7)  3.6 (1.6)  3.9 (1.7)  2.8 (1.6) 

Feedback Clarity (1-7)  4.7 (1.6)  3.4 (1.4)  5.7 (1.2)  

System Usability (0-100)  72.6 (17.1)  68.6 (15.2)  82.2 (12) 

Standard deviations in parentheses 

5 Discussion 

In the presented evaluation study, we compared visual, vibrotactile and force feed-
back for collisions in virtual environments with a generic VR assembly paradigm, 
including peg-in-hole and narrow passage tasks. Based on performance data, we 
found that the force feedback system with a light weight robot as input device and 
high resolution 6 DoF force feedback is superior in terms of precision compared to 
the vibrotactile and visual feedback systems. In all tasks, the applied forces were low-
est when working with the haptic interface. Obviously, the high degree of haptic real-
ism together with the fact that users are prevented from penetrating the virtual struc-
tures by force feedback contributed to higher manipulative performance. Yet, results 
also provided evidence for a potential trade-off between qualitative (movement preci-
sion) and quantitative (execution time) performance dimensions when using force 
feedback. In case of complex or multiple collisions with minimal clearances like it 
was the case in the difficult peg-in-hole task, users needed significantly more time to 
complete the task. Participants had problems when the virtual object was locked in the 
hole and the haptic interface could not be moved freely (like it would be the case in a 
real assembly task).  

One potential drawback of many force feedback systems is that users are impeded 
from reaching a desired position quickly, since the haptic input device has to be 
moved (Aleotti et al., 2005). Yet, the overall pattern of completion times did not pro-
vide any evidence for this. In post-experimental interviews, some VR experts empha-
sized that this might even be an advantage, because the required input forces created 
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an illusion of object inertia and the interface also served the function of an arm rest, 
cf. [22]. Altogether, the overall usability was rated best. Subjective data also revealed 
that mental workload was rated substantially lower when working with the FF com-
pared to the other systems. Haptic feedback was easy to interpret and individuals were 
able to react quickly, developed a high degree of spatial orientation and rarely had 
problems resolving collisions, i.e., the system was most supportive to build a mental 
picture of the virtual scene. 

Substituting force feedback with vibrotactile information was cognitively more 
demanding due to feedback ambiguity. Seemingly, vibrotactile information mapping 
and density sometimes was confusing, leading to increased mental workload and loss 
of spatial orientation. Accordingly, performance data in the more difficult trials re-
vealed that users took the “quick and dirty” approach, i.e., completion times were 
lowest as well as movement precision. Vibrotactile devices could be a reasonable 
alternative if high resolution of haptic information is not critical and/or to comple-
ment lacking visual information.  

Compared to vibrotactile information, visual collision feedback was perceived as 
less ambiguous. Yet, completion times were higher during trials with unobstructed 
view, presumably because subjects had to process visual information of the virtual 
scene and collision visualization simultaneously. Therefore, users focussed on match-
ing the guided and the feedback object instead of concentrating on trajectory  
planning.  

We compared three different perception channels to provide haptic information in 
a virtual environment to the user: tactile, kinaesthetic (force feedback), and visual 
information. In future studies, bimodal feedback and combinations of interfaces 
should be explored. 
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