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Abstract

This paper reports on the effectiveness of haptic 
feedback in a low-cost virtual-reality training 

environment for military and emergency personnel. 

Subjects participated in simulated exercises for clearing 
a damaged building, implemented using a modified 

commercial videogame engine and USB-compatible force 

and vibration feedback devices. With the addition of 
haptic feedback, subjects made fewer procedural errors 

and completed some tasks more rapidly. Initially, best 

results were obtained with vibration feedback. After 
modifications to the collision detection and display 

algorithm, force feedback produced equivalent results 

and was preferred by a majority of subjects.

1. Introduction 

There has been an increasing interest in virtual reality-

based training of procedures for military, police and 

emergency personnel [1-6]. An encouraging result of 

early studies [7,8] is that virtual reality environments 

need not be entirely realistic in order to provide useful 

training that carries over to real situations. Most of the 

virtual reality-based training has focused on visual and 

auditory feedback. Haptic feedback has been explored in 

a few cases [9-11] with promising results. 

High-end “immersive” virtual reality systems may 

include wearable head-mounted displays or “cave” video 

projection systems, three-dimensional motion tracking 

and perhaps treadmills or harnesses for imparting 

resistance to the motion of the subject. These systems are 

capable of kinesthetic as well as visual and audio 

feedback [12-20]. Unfortunately, such systems are 

expensive and can only train one or a few people at a 

time. This is particularly a drawback when substantial 

groups of people should be trained together. 

Consequently there has been an interest in low-cost VR 

environments, as found in multi-user videogames for 

desktop computers. The hope is that with steady 

improvements in desktop technology, these low-cost VR 

trainers will be responsive and realistic enough to help 

subjects learn important procedures. In these applications, 

subjects view the scenes using either the computer 

monitors or inexpensive head-mounted displays and 

impart motions and commands using joysticks, keyboards 

and other commercial gaming devices. The selection of 

USB-compatible gaming devices with haptic feedback is 

steadily growing, which leads to the following questions:  

What roles can haptic feedback play in low-cost VR 

training for military and emergency personnel? 

How can performance or learning rates be improved 

with haptic feedback? 

To shed light on these questions we undertook 

experiments involving the addition of haptic feedback in 

a low-cost VR training scenario. We were particularly 

interested in “building clearing” operations as practiced 

by military personnel in close-quarters combat and 

emergency personnel to evacuate hostages or earthquake 

victims. The challenges in such environments often 

include poor visibility, distracting noises (e.g. explosions) 

and a severe time pressure for planning and executing 

procedures. Haptic feedback provides a useful additional 

channel for information and communication. For 

example, in some procedures personnel are trained to tap 

the shoulder of a team-mate as part of the communication 

protocol for Close Quarter Battles (CQB) [21]. In real 

environments, of course, personnel also receive tactile 

stimuli from all the objects that they contact – 

intentionally or not. 

2. Experiment setup 

The experiments were conducted using a dual-processor 

Windows desktop running a modified version of the Half-

Life (v42/1.1.0.1) game engine that could generate 

kinesthetic and tactile feedback as a result of the player’s 

actions in the virtual environment. A screenshot of the 

running application is shown in Fig. 1. In addition to 

producing cues for haptic feedback, the modification 

logged the player’s position, velocity, collision state and 

“clip fraction,” a variable defined by the difference 
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between the desired and achieved, or clipped, velocity 

when the user runs into an obstacle: (Vdes – Vclip)/vmax.

Vdes and Vclip are two dimensional vectors of forward and 

lateral velocity components and vmax = 320 units/16ms is 

the maximum speed a player can obtain. 

Unfortunately, like many game engines, Half-Life 

does not produce more detailed collision information 

such as penetration depth or geometric details. Because 

of this limitation, the magnitudes of haptic feedback 

effects were made proportional to the clip fraction at the 

initial collision. For kinesthetic effects, the direction of 

the effect was updated based on player orientation every 

16ms. In addition to collision feedback, two special 

textures were implemented to allow the system to display 

different tactile effects during player walkover. This 

addition allowed effects to be played through different 

feedback devices depending on the texture. Thus, a 

texture associated with low-lying obstacles could be 

routed through different devices than a texture applied to 

shoulder-height obstacles. 

To achieve haptic effects, we modified commercial 

force feedback joysticks (Saitek Cyborg 3D Force) and 

vibration devices (Saitek Cyborg 3D Rumble Force) with 

USB drivers from Immersion Corporation. 

Preliminary tests were first conducted to determine 

under what conditions haptic feedback could give 

meaningful cues. In many cases, the initial results were 

disappointing. Experienced videogame players performed 

so well using visual cues that haptic feedback was of little 

consequence. However, it gradually became clear that 

under certain conditions players could learn an 

environment faster and make fewer errors with 

appropriate haptic cues. Accordingly, the scenarios for 

Experiments One and Two were developed. 

3. Experiment one 

The aim of the first experiment was to investigate the 

effects of haptic feedback on a subject’s ability to 

remember and accurately execute procedures while 

negotiating a virtual environment. 

3.1.1 Scenario. Imagine a training session in a simulated 

environment for rescue missions. A trainee has to rescue 

hostages, or perhaps survivors of an explosion, from 

inside a dark and dangerous building. The building must 

be cleared and the hostages must be recovered quickly. 

However, it is important to check each room for safety 

before entering. To indicate that a room has been checked 

the user must briefly stop against a wall at either side of 

the entryway [22]. The task is considered to be complete 

when users complete a sweep of the building and proceed 

through an exit at the far end from the starting point. 

When haptic feedback (joystick force or vibration) is 

on, contacts with any obstacles are registered, including 

the walls just outside the room to be cleared. 

The measured variables included the total time to 

complete the mission and the number of failures to 

properly check rooms before entering. 

3.1.2 Protocol. A set of twelve diverse subjects, (eight 

male and four female, with ages ranging from 20 to 30 

years) six having prior experience in 3D gaming and six 

having little or no experience, were chosen for the 

experiment. Three feedback modes were selected: (A) no 

haptic feedback, (B) vibration feedback using vibration 

joystick, (C) force feedback using force feedback 

joystick. In case B, a vibration of approximately 30Hz 

and peak amplitude of approximately 2G (for a typical 

grip on the joystick handle) was produced when subjects 

contacted an object (e.g. a wall) in the virtual 

environment. In case C, a force of up to 6N was produced, 

depending on the severity of the contact, based on the clip 

fraction as discussed in Section 2. 

All users completed four sets of trials, each of which 

contained all three conditions (A,B,C) in one of six 

possible orderings (ABC, ACB, BAC, etc.). There were 

twelve different maps of identical complexity level 

obtained by making permutations of a configuration 

consisting of 12 rooms and a central hallway (see Fig. 2). 

The choice of maps was randomized and balanced. 

Fig. 2. Map of a typical building layout 

Fig. 1. Screenshot of half life environment as 
used in experiment one. 
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3.1.3 Metrics. The primary metric was the subjects’ 

ability to complete the mission without failing to register 

a safety check by touching a wall just outside a room 

before entering. The number of hostages rescued was not 

a reliable statistic because it relied mainly on the user’s 

ability to see hostages, despite having a narrow field of 

view and a darkened environment. 

3.2 Data analysis and results 

As seen in Fig 3, there is a significant difference in 

the number of errors made when using either vibration or 

force feedback as compared to the no-haptics case 

(F=4.74 , P=0.0155 in an ANOVA test). Considered 

separately, the case of vibration has a significantly 

different mean (P=0.003) as compared to no-haptics, as 

does the case of force feedback versus no-haptics 

(P=0.001). 

Because early testing revealed differences in the 

strategies used by experienced and inexperienced video 

game players, the results were divided into pools of 6 

experienced and 6 inexperienced users. The averages for 

each pool are labeled in Fig. 3

3.2.1 Learning rates. The errors produced by 

experienced and inexperienced subjects are plotted (Fig. 

4) as a function of the trial number (each subject had four 

trials with each condition: force feedback, vibration 

feedback, no feedback). The results show that despite 

substantial subject-to-subject variability, there is a slight 

reduction in the average number of errors when 

progressing from trial 1 to 4.  

Conducting a paired-T test for all subjects between 

trial 4 and trial 1 reveals that the probability of a 

statistically significant difference in the means is 98.5% 

(P=0.015) for condition A (no haptics), 95.8% (P=0.042) 

for condition B (vibration feedback) and 76.4% 

(P=0.236) for condition C (force feedback). 

3.3. Conclusions 

As Fig. 3 indicates, there is a clear reduction in the 

average number of errors made with either vibration or 

force feedback. 

From Fig. 4, there is some evidence of learning over 

the four trials; however the learning is actually more 

evident without haptics than with. One way to interpret 

these results is that the addition of haptics immediately 

improved performance to an extent that little further 

improvement was obtained over four trials. (Recall that 

the presentation order was randomized to guard against 

bias.) 

 Anecdotally, all subjects reported a greater sense of 

immersion with haptic feedback. The case with force 

feedback was slightly preferred. However, it should be 

noted this result was only obtained after considerable 

experimentation and modification of the force 

computation in preliminary tests. Initially, the limitations 

of the video game engine (which provides no information 

about the details of collisions with objects) and a 

commercial force feedback joystick produced results that 

users found more distracting than helpful. Useful force 

feedback was obtained only after implementing an 

algorithm in which the initial force is made proportional 

to the user’s velocity in the direction normal to the 

collision surface (e.g. a wall) and then latched at the 

Fig. 4. Error statistics for subjects as a function of 
trail number. There is a slight reduction in the 
average number of errors between trials 1 and 4.

Fig. 3. Box plots showing the error statistics for 
experienced and inexperienced subjects in 
experiment one. 
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value until the user departs from the surface. The 

resulting force, while not exactly realistic, is smooth and 

provides useful information about the direction and 

magnitude of a collision. 

More generally, the results of this experiment lead us 

to believe that haptic feedback in a virtual environment 

can reduce the number of errors made by subjects in 

executing a critical procedure that is modeled after 

procedures used in building-clearing. 

4. Experiment two 

The focus of Experiment 2 was to evaluate the effects 

of distributed vibration feedback on a user’s body during 

a virtual reality training exercise. The task given to users 

was to guide an avatar through a dark, cluttered and 

potentially hazardous environment – perhaps a building 

or tunnel in the aftermath of an explosion. In such 

applications, it is often valuable for personnel to retain an 

accurate memory of the condition and obstacles for future 

reference. In this scenario, haptic feedback substitutes for 

the sensations that (typically undesired) contacts with real 

objects would normally produce. 

In our virtual environment, the user must go through a 

dim corridor. There are two main kinds of obstacles: low 

ones that must be jumped or stepped over and high ones 

that must be ducked under to prevent head injuries (Fig. 

5). The total number of obstacles in the corridor is 15, 

and they are in random order. A dim red light indicates 

the direction of the exit. 

A standard video game mouse and keyboard interface 

is provided for input. The questions being addressed 

included whether haptic feedback allows users to 

complete the task in less time and whether they can better 

remember the details of the environment that they have 

negotiated. 

4.1. Experiment two setup  

As in Experiment 1, the Half Life video game engine 

was used to develop the virtual environment. The 

vibration feedback units were adapted from the inner 

mechanisms of commercial USB haptic mice. They were 

attached to Velcro straps that could be fastened to various 

parts of the users’ bodies. After some experimentation, 

the best results were obtained using four vibration 

devices, with two attached to the user’s head (for 

collisions with high obstacles) and two attached to the 

user’s lower legs (for low collisions) (Fig. 6). 

Empirically, best results were obtained with vibrations of 

approximately 10Hz and 6.4G peak amplitude at the head 

and of 100Hz and 5.7G peak amplitude at the legs. 

Consequently, the vibrations were distinct in terms of 

frequency as well as location. 

Although Half Life does not provide detailed 

information about collisions, it does provide information 

about the texture of the surface that a subject is 

traversing.  Two special textures, for high and low 

obstacles, were mapped onto the floor just in front of 

each respective obstacle. The texture regions were made 

narrow enough that a subject would be found over them 

only if a collision occurred (Fig. 5). By checking the 

texture regions we were able to determine whether 

collision occurred and which type of obstacle was hit. 

This information triggered the corresponding vibration 

device. 

4.1.1. Protocol. A diverse set of eight subjects (5 male 

and 3 female, with ages ranging from 20 to 30 years and 

with varying degrees of video game experience) were 

chosen for the experiment. Four variations on the corridor 

were used with sequences of 15 obstacles. 

Each subject carried out 8 trials in total, two trials in 

each of the four corridors. The order of presentation was 

varied and balanced among subjects. For the first four 

Fig. 6. Distributed vibration feedback device for 
experiment 2 

Fig. 5. Layout of the corridor in experiment two 
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trials, subjects were asked to go as fast as possible. For 

the second four trials, the subjects were informed that 

they had one minute (ample time to negotiate the 

corridor) and that they would be asked afterward to try to 

recall the sequence of obstacles they had encountered 

along the way. 

4.1.2. Metrics. The measured variables included the total 

time required and, for memory trials, the number of 

obstacles of each type (high or low) correctly 

remembered after completing a trial. 

4.2. Data analysis and results 

Figure 7 shows the total numbers of obstacles that 

users reported and the numbers of obstacles correctly 

identified as high or low in the sequence. The box plots 

show the median and upper and lower quartiles, as well 

as the maximum and minimum values found across all 

subjects. The average numbers of obstacles are also 

shown for each box.  

The maximum possible number of correctly identified 

obstacles is 15. Interestingly, the presence of haptic 

feedback causes users both to report more objects and to 

recall more objects correctly. Conducting a paired T-test 

between the case of haptics versus no-haptics for the 

number of obstacles correctly identified results in 

probability of 98% for a statistically significant 

difference in the averages ( P = 0.021).

There were also significant differences in the amount 

of time that people took to negotiate the corridor with and 

without haptics. Recall that for the first two trials, speed 

was emphasized and that for the second two trials 

memory was emphasized, rather than speed. Nonetheless, 

most users completed the trials more rapidly with haptic 

feedback. Figure 8 shows a histogram of the relative 

amount of time required by each subject to complete a 

speed trial with haptics versus without:  R = thaptic /t no-

haptic. For the speed trials we see that four of the eight 

subjects required between 90% and 100% as long to 

complete the task with haptics as without, three required 

less than 90% as long, and one took slightly longer with 

haptics. Performing a paired T-test on the average 

amounts of time for the speed trials, with and without 

haptics, results in a 94% (P = 0.06) confidence in a 

different average time. Although speed was not a goal in 

the memory trials, most subjects again completed the task 

faster when haptic feedback was present. 

4.3. Experiment two conclusions 

The provision of vibrational haptic feedback to 

users’ heads and lower legs helped users to identify high 

and low obstacles more quickly and more accurately. The 

numbers of obstacles correctly identified and the total 

task times were superior when haptic feedback was 

present.  

While watching users, it was clear that they recovered 

from collisions more rapidly with haptic feedback. 

Although there was some spatial information associated 

with different feedback devices at the head and lower 

limbs, we hypothesize that this is still primarily an 

example of “temporal” or “event” feedback, which other 

investigators have also found to be effectively conveyed 

via haptic feedback. Thus, users detected “head events” 

or “foot events” more quickly and more memorably with 

haptic feedback. 

A comment should also be made about the approaches 

taken by experienced versus novice video game players. 

Indeed, the original scenarios developed during some 

preliminary tests proved too easy for accomplished 

gamers. They proceeded extremely rapidly through the 

corridor and made virtually no mistakes with only visual 

feedback. By darkening the environment, the task became 

sufficiently challenging that all users benefited from the 

extra feedback that haptics provided. 

Fig. 7. Obstacles (total reported) and number of 
obstacles correctly recorded, with or without haptic 
feedback. 

Fig. 8. Relative time required to complete a trial 
with haptics versus without, for Speed and Memory 
cases.
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5. Conclusions 

The results from the two experiments lead us to 

believe that haptic feedback can play an important role in 

low-cost VR training of military and emergency 

personnel. The experiments made use of a modified 

commercial videogame engine, haptic feedback devices 

and USB device drivers. 

Experiment 1 showed significantly fewer errors by 

subjects performing a task with either vibration or force 

feedback, implying higher levels of immersion. In 

preliminary tests, a force feedback joystick performed 

poorly in comparison to vibration feedback. After 

modifications to the collision detection algorithm, a 

simplified form of force feedback provided results equal 

to those obtained with vibration feedback and was 

preferred by most subjects.  

Experiment 2 showed an improvement in speed of 

performance and in accuracy of recall, when negotiating 

a dark, cluttered environment using small vibration 

feedback devices mounted to the user’s head and legs. 
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