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Abstract 
The Rep ertory Grid Techn ique was applied to  identif y th e 
perceptual a ttributes cons tituting the users experience of  
mechanical switches for seven sensory conditions. Participants 
(105) were subjected to  six bimodal and unimodal senso ry 
combinations c reated b y s electively res tricting the f low of 
haptic, auditory and visual information, plus one condition  
with full  sensory information. Verbal C lassification analysis 
and pr incipal components analy sis (PCA) on  the ob tained 
rating data suggest th at the pr imary d imension is associated 
with th e magnitude of  th e h aptic f eedback and the s econd is  
associated wi th the  qu ality of  the f eedback, d etermined by 
combinations of auditory, visual and haptic information.  
Index terms: Multimodal Int eraction; At tributes of  User  
Preference, Ha ptic Inter action; Perc eptual Exper ience, 
Repertory Grid Technique 

1. Introduction 
Users of techn ology such as  touch  screens a nd astronauts 
wearing spac esuits are in sim ilar situations , una ble to m ake 
full use of th eir senses, becaus e of the r estraints of th e 
environment they  find th emselves in . B ecause perception is  
inherently multimodal, this presents a  problem, as interaction 
becomes rel ated to an ex traneous cognitiv e load. In ord er to 
solve th is probl em, th ere has  b een an incr eased int erest i n 
trying to create artificial multimodal information to alternative 
sensory m odalities. This is exemplified b y th e pra ctice of  
adding auditory feedb ack to technologies such as tou ch 
screens, to  r eplace the los t haptic f eedback. The pap er 
describes the second par t of  an inv estigation of user  
experience wh en oper ating s imple m echanical switches. Th e 
main int erest is  to  det ermine t he r elative im portance of  th e 
visual, auditory and haptic modalities for a given context and 
task. Further to examine the specific physical cues provided by 
the switches mo re thorough ly, in order  to  relate these to  th e 
primary sensory dimensions.  
    The first p art of the work was reported in  [1]  and the 
purpose was to establish a suitable experimental paradigm and 
to gain an understanding of th e magnitude of the perceptu al 
differences in  the three m odalities and  their possibl e 
interactions. To limit the size of the experimental effort and to 
ease the task o f the subjects it was d ecided to conduct a 
general pr eference s tudy where the p articipant’s tas k was  to  
rank order the switches according to pr eference. The 
participants (70)  were randomly assigned in  groups of ten  to  
one of seven sensory presentation conditions. These conditions 
comprised six bimodal and  un imodal sensor y combinations 
created b y s electively restricting the f low of ha ptic, aud itory 
and visual information, plus  o ne condition in  which full 
sensory information  was available. A  prin cipal components  
analysis (PCA) on the obtained ranking data indicated that the 
sensory cond itions with unim peded hapt ic information were  

clearly distin ct from those in which the haptic cues were 
impeded. Moreover, the analysis a lso showed  that for  switc h 
use, the unimodal hap tic condi tion most closely approached  
the condition  with combined haptic, auditory and  visual 
feedback, compared to  al l of the cond itions where hap tic 
feedback was restricted.  
   The purpose of the second part of the study was primarily to 
identify the perceptual attributes that the participants find most 
important for  th e individual se nsory conditions  and second ly 
to further explore the experimental paradigm. When looking at 
previous studies exploring how to create artificial feedb ack in 
virtual environ ments, it s eems that these h ave been  m ost 
successful in creating artif icial feedba ck when the y tak e the 
structure of the stimuli into consideration [2,3] than when this 
is not  the  c ase [4 ,5]. Sim ilarly sev eral stu dies of  how  
multimodal perception takes place, can be said to point to the 
structure of the stimuli as b eing the  m ain f actor in d eciding 
which m odality is the m ost dom inant in a spe cific cont ext 
[6,7,8].  This makes it r elevant to  ex amine the spe cific 
physical attributes provided by the switches more thoroughly, 
to be able to  understand h ow the sensor y information 
considered important b y the u sers is structured and which  
attributes of the switches this relates to. 
    It is  im plicitly assumed that  the pr eference r anking of  an 
individual subject, as  obtained in the first part of the study, is 
the result of  an idiosyncratic weighting of a number of l atent 
attributes. A number of  these la tent a ttributes will be  general 
in n ature and c an thus  be  r epresented b y consensus whereas  
other will b e individual. Id entification of th e cons ensus 
attributes will support an identification of the general physical 
properties of  the switches  that determine/influence the 
individual attr ibutes perceived as well as the general 
preference. Kno wledge of th e a ttributes will fu rther provid e 
information as  to  what  ar tificial feedb ack is ne eded if  
information fou nd in  on e sensor y modality  is recreated  in  
another m odality. Th e b asic a ssumption that certain latent 
attributes de termine the gen eral pref erence and further th at 
these l atent at tributes can b e el icitated an d us ed for  
quantification of specif ic se nsory impressions is well 
established in the food industr y [9]  and in audio [10] . A 
number of meth ods for elicitatio n of the attributes have been  
developed (see [10] for a summary) and each includes specific 
assumptions which m ust be considered tog ether with the 
experimental conditions and purpose before a suitable method  
is s elected. The cons iderations in the pres ent c ase led to  a 
decision to  use a modified  v ersion of  the R epertory Gr id 
technique (RGT) which  was originally d eveloped [11]  to  
identify the attributes or constructs that people use to structure 
their perceptions of th e social world. The RGT has e.g. been  
used to  inv estigate consumer  perception of  food s [12]  and  it 
was concluded that it was a reproducible, straightforward and 
thorough meth od for  inv estigating consumer  per ceptions. 
What follows in the next sections of the paper is a description 
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of the exp eriment setup  and experimental p aradigm, analy sis 
of the data and a discussion of the results. 

2. Materials and methods 

2.1. Participants 

One hundred and five participan ts (ages 14-64; 27 female, 78  
male) part icipated. T en of th ese were studen ts from Aarhus 
University (Dep artment of P sychology) and  t he rem aining 
were emplo yees of Bang and O lufsen. The p articipants wer e 
randomly assigned to one of  the seven conditions except that 
the fem ale p articipants wer e evenl y distributed a cross 
conditions. 

2.2. Stimuli  

Eight of the ten  switches used in [1] were used  in this  study . 
The switches were individually mounted on the top of 12 x 6.5 
cm plastic boxes.  Switches 2 – 8 are the same as switches 2 – 
8 used in [1]  and switch 9 from [1] is  now switch number  1. 
Please ref er to [1]  for  a more d etailed d escription of  the 
switches.  

2.3. General procedure  

Given our  inter est in  th e th ree primar y s ensory chann els 
(haptic, auditory, and visual) relevant to the switch oper ation 
task, we  cr eated seven  d ifferent test cond itions using  al l 
possible combinations of these modalities. These combinations 
of modalities were also used in [1]. The list of conditions is as 
follows: Visual only (V), Auditory only  (A), Haptic only  (H), 
Visual and Auditor y only (VA), Visual and Haptic only  (VH), 
Haptic and  Aud itory only (HA), and Haptic, A uditory, and  
Visual ( HAV).  Please r efer to  [1] for a d escription of  how  
these conditions were establishe d. The experiment followed a 
between-subjects design, where each group of participants was 
only exposed to one specific sensory condition (H, A, V, etc.). 
All sensor y conditions w ere ev aluated b y 15 s ubjects ex cept 
conditions HA (16 subjects) and HVA (14 subjects).  In all 
sensory conditions, participants were asked to operate each of 
the switch es at least ten times. After this in itial exposure to  
each switch, they could operate and compare the switches as  
many tim es as  t hey wished  to c omplete th e el icitation task . 
While operated, the switches rested on reams of A4 paper, in  
order to  is olate them m echanically from  th e t able on whi ch 
they w ere sup ported.  Each par ticipant c ompleted th e 
elicitation and ranking task only once. The switches wer e 
covered b y a cloth unt il th e par ticipants r eceived th eir 
instructions and the required sensory masking equipment. 

2.4. Elicitation procedure 

The Repertory Grid Technique (RGT) was used [11,12,13]  to 
elicit the  a ttributes. The R GT proc edure iden tifies th e 
individual subject’s attributes in contr ast t o consensus 
procedures lik e Descriptive Analy sis [10]  wher e a group o f 
subjects develops a common set of attribu tes. The ind ividual 
attribute spaces thus need, at a  later s tage, to be combined to 
form a g eneral list of  attribut es and  this  is often don e by 
applying s pecial s tatistical m ethods like pro crustes anal ysis 
[14] or verbal classificatio n methods. The experimental 
conditions in the present series of experiments prevent the use 
of consensus methods, for example it would not be possible to 
employ group d iscussion when the auditory mo dality is no t 
included in  the defin itions of  the setup . Thus methods that 
establish indiv iduals attribute l ists m ust be  used  inste ad and  
the RGT metho d was found  to  be most suited in the presen t 
situation. The RGT procedu re inc lude two steps 1) the 

elicitation of  the attributes and 2) rating of  the st imuli on the 
elicited attributes. Th e el icitation proc ess in cludes th at th e 
subject is  asked to compare three different switches at  a time 
and to decide on which two out of the three switches are most 
similar and which one is “the odd one out”. The subject is then 
asked to explain by a word or a short sentence what makes the 
two switch es si milar and b y another word wh at m akes th em 
different from the th ird switch . Consequently at least two 
attributes, or “ constructs” as they are  c alled a ccording to the 
Repertory Grid terminolog y, were e licited. Hence we el icited 
constructs by asking for “triadic difference” instead of “triadic 
opposite”, where a more general opposite is elicited. We chose 
the former method because sens ory constru cts often lack a 
general opposite, e.g. the qu estion “what is the opposite of  
metallic” do esn’t m ake m uch sense, where as the ques tion 
“what makes the th ird switch di fferent from the two m etallic 
ones” is possible to  answer. Th omson & McEwan [12]  also  
applied th e “dif ference” par adigm instead of  th e “opposite”. 
The triads were  presented using  a balanced incomplete block 
design [15] to select 14 triads of eight differ ent switches. The 
triads were shown to the participants in a randomized order. 

2.5. Scaling procedure 

A ten m inute break was  int roduced af ter the el icitation 
process, wher e the p articipant was allow ed to tak e off the 
equipment and  th e exp erimenter wrote  down  th e el icited 
attributes on rating scales. The equipment was r e-applied and 
the subject was asked to rate all eight switches on each elicited 
attribute. A  seven point catego ry scale, a llowing for ties was 
used instead of  a ranking  scale to account for possible 
lopsidedness of the distribu tion of the st imuli ratings. The end 
points of  the s cale wer e d efined b y neutral indications of  
magnitude (fro m “the attribute a pplies to a s mall degree” to 
“the a ttribute ap plies to a hi gh degree”). Th e switches  were 
placed in a row in front of the participants after the break, and 
the order  of th e s witches was  accord ing to a Lat in s quare 
design. To avoid compression bias [16] all eight switches were 
at the  table at  th e s ame time, and  th e par ticipants wer e 
encouraged to try a ll of them before ra ting in order to ge t a  
thorough impression.  

3. Results 

The stand ard st rategy applied f or an alysis of  RGT da ta is 
some form of statistical analysis of the scaling data, however, 
in order  to  gain a deeper  und erstanding of the gen erated 
attributes it  was  de cided to add  a  v erbal pro tocol an alysis 
technique. This type of analysis is based on a perceptual and 
cognitive related understanding of the reported verbal reports 
and can be used to extend the statistical based conclusions. 

3.1. Verbal classification analysis 

The verb al analysis followed  the method proposed by 
Samoylenko et al. [17]  devel oped for an alysis of a free 
verbalization task in comparing the timbres of musical sounds. 
The techniqu e considers thr ee main levels of  analysis of  the 
verbal units: their logical sens e, their stimulus-relatedness and 
their s emantic aspects. At each main lev el a number of  
“lower” lev el analysis step are performed, d epending on th e 
context. The process step described in [17] was modified to fit 
the pres ent exp erimental cont ext. Th e strat egy app lied thus 
included two steps. The first, similar to Samoy lenko’s 
“stimulus-relatedness” leve l (pr imarily th eir st ep 4),  was to  
classify the attr ibutes proposed by each subject into four main 
categories ac cording to  expr essed modality  (A , H, V)  or in 
case of no i dentifiable moda lity “Hol istic”. The  ne xt ste p, 
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according to Samyolenko’s “semantic” aspects (primarily their 
step 6), was  for each of the above four ca tegories to devis e a 
further div ision in to thre e “ semantic” categories. Th is 
classification s cheme was  applied to all the  seven  
experimental conditions (A, H , V etc .). Th e classification 
scheme applied  is shown in  Figure 1 and the ind ividual 
categories are explained in the following. 
 

 
 
Figure 1 Procedure for classification of elicited attributes. The 
classification is done for all experimental conditions. See text 
for further discussion of the procedure. Step 1 corresponds to 
Samyolenko et al. [17] level 2 and step 2 to their level 3. 
 
The f irst s tep includes a classification in accordance with the 
attributes expre ssed modality, an attr ibute clas sified as 
belonging to the auditory modality could be “the sound is gone 
when the s witch is  off” and another classified as  a h aptic 
modality could be “feels soft and smooth”. An example in the 
holistic categor y could b e th e attribute “good for man y 
things”. The next step is for each of the modality  categories to 
classify the at tribute a s “Il lustrative”, “Phy sical” or 
“Psychological”. Th e “ Illustrative” c ategory in cludes 
attributes that uses another known functionality or a process to 
describe the impression of  the switch, an example is  “sounds 
like a standard  power  switch ” or  “good  fo r something  
important”. The second category “Physical” includes attributes 
that us es ph ysical expr essions, an  ex ample could be  “ hard 
sound” or “metal sound”. Th e third category “psychological” 
includes at tributes where the s ubject con cludes s omething 
about the switch if h e or she wo uld be using it like “I cannot 
believe that this switch will last long” or “you know if its on or 
off”. Th e “ illustrative” and “ psychology” categories are thus 
meant to  be  a t a higher  cognitive level compared with to the 
“physical” category. I t was possible  to include an attribute in 
one or  more of  th e categories in step 2 , how ever, it on ly 
happened in  9  out of  1487  case s. The classification process 
was conducted  b y the same  ps ychology student who  
conducted th e experiment.  Th e di stributions of attr ibutes in 
the v arious categories for  e ach s tep in th e process wer e 
calculated and used for a more detailed analysis.  

3.2. Statistical analysis 

The statistical analy sis of  r esponse data f rom a RGT 
experiment can be conducted in a number of w ays depending 
on the structure of the data and the purpose of the analysis, see 
Bell [18] for an  excellent overview of the different strategies. 
The p resent da ta h ave been  analyzed us ing P CA and M DS 
analysis as th ese wer e found  to  be the best suited methods . 
The PCA analysis is based on the covariance matrix (centered 
data) and the  o nly assumptions ar e th at th e da ta origin ates 
from an interval scale (i.e. it is allowed to interpolate between 
individual data points) and  further that the mean and variance 

are sufficient statistics to describe the distributions. The MDS 
technique is  bas ed on  the rank ing of  sim ilarities betwe en al l 
possible pairs of  switches. Th e current data set, however only 
includes r atings of  th e indiv idual swi tches so the  si milarities 
are calculated based on the individual rating s. The MDS 
technique was thus applied as a ver ification o f the results  
obtained using the PCA proc edure. T he SPSS 
(http://www.spss.com/statistics/) PROX SCAL procedure was 
used for th e M DS analy sis using an ord inal tr ansformation 
with ties. Th e Unscram bler progr am  
(http://www.camo.com/rt/Products/Unscrambler/unscram
bler.html) was used for the PCA analysis including a Varimax 
rotation of the solution. 
   The purpose  of th e an alysis is  to  identify the consensus 
space with as few primary dimensions as possible, but also to 
account for a reasonable amount of the variance in the data set. 
Borg & Groen en [19]  suggests that th e number of stimuli 
should be four times the max imum nu mber of dimensions 
which can reliably be identified. Thus both the MDS and PCA 
analysis wer e p re-programmed to produce solu tions in on ly 
two dimensions. 
   The elicited a ttributes wer e a nalyzed in two  steps and  for  
step one both  MDS and PCA analy ses w ere conducted . The 
analysis in step one included all the elicited attributes for each 
experimental co ndition (Q m odes) ind ividually. Th e se cond 
step is  similar to the first exce pt that  the  eli cited attributes 
were split in to two groups “H olistic” and  “non-Holistic” and  
these two group s were subjected to  a PCA an alysis on ly, fo r 
each exp erimental cond ition. T he comparison between th e 
MDS and PCA solutions in step 1 were aided by a correlation 
analysis of the spatial positions of the switches (factor scores) 
in the two dimensional solution s. The results of  Pearson and  
Spearman rank correlations analyses showed that the PCA and 
MDS solutions are not sign ificantly (p < 0 ,05) different for  
both PC1 and PC2 for all cases, except for visual-only (Q = V) 
and haptic-audio (Q = HA).This suggests that the solutions are 
robust to the differences in assumptions of the two procedures. 
The interpretations of the principal components were primarily 
based on PCA plots as follows: the loading plots only included 
attributes with  a  corr elation above 0 .8 with  e ither of  the two  
dimensions and  two p ersons, one with  an  engin eering 
background an d one with  a ps ychology background, 
independently assessed the dime nsions based on the plots and 
the individual interpretations were then discussed to arrive at a 
common solution. A summar y is presented in Tab le 1. In  
addition to in terpreting the m eaning of the di mensions the  
modality associated with the d imension was  a lso es timated 
and the results are shown in Table 2. This was done to aid the 
evaluation of  the importance of th e ph ysical modality  ( = 
experimental condition) in relation the expressed modality. 

3.3. Relationship between individual attributes and 
general preference ratings  

The purpose of the individual attribute elicitation is based  on 
the bas ic h ypothesis that t he elicited at tributes a re 
representative o f th e la tent attributes tha t, in  a  we ighted 
combination, wi ll de termine th e over all pref erence for the 
switches [9 ,10]. This  can b e tested by a linea r regression 
analysis with the elicitated attributes as independent variables 
and the preference rating  as  the dependent variable. The firs t 
paper [1]  described th e experiment wh ere ten  s witches w ere 
rank order ed according to pr eference and eight of these 
switches were s elected for the present e licitation of attr ibutes 
experiment. It is thus possi ble to relate, through a lin ear 
regression analysis, the preference ratings obtained in the first 
experiment to the a ttribute r atings of the  presen t experiment. 

Step 1

Step 2 
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However, it  is important to  no te tha t this  assu mes that  the 
rankings of the eight selected switches are independent of the 
two missing switch es. Th is has  not b een verif ied and  it is  
likely [16] that some changes in the scale values would result, 
however it is as sumed that the rankings ar e un changed. The 
present set of results should thus only be seen as a first attempt 
to examine the hypothesis. 
   The regression analysis was conducted for each of the tested 
conditions and t he m ean pref erence r atings av eraged across 
subjects wer e u sed as  the depe ndent v ariable. As this is  a 
preliminary analy sis only th e attributes in  th e non-ho listic 
groups were used. A p artial le ast squar es (PLS) regression  
model was applied and th e attributes with  a significant (p  < 
0,05) lo ading were deter mined for each model.  
   The results s how that th e r egression m odels are ab le to 
explain the d ata to a signif icant degree. Th e resulting Root 
Mean Square Error Prediction ( RMSEP) values show that th e 
uncertainty (95% confidence interval), given in original scale 
units on  a sev en point scale, are in the rang e of ±3,7  to  ±2 
which emphasizes that the models  are not accurate and should 
only be seen as a first attempt to quantify the relationship. The 
list of attributes having a significan t lo ading s how that all 
significant at tributes for  all conditions, ex cept auditory-only 
(A), belong to the haptic category. For th e auditor y-only 
condition six  a ttributes had  sign ificant load ings and of  th ese 
four were related to the pr esence and magnitu de of the sound  
and of the last two one was visual and the other haptic.  

4. Discussion 
The main purpose of this second part of the investigation was 
to identify the general latent attributes and their characteristics 
for each  exper imental condition,  to  estimate the relativ e 
importance of the individu al m odalities for the general 
impression and finally  to relate the physical properties of th e 
switches to the primar y sensory  d imensions. The following  
research questions were formulated:  
    1) W hat are  the prin cipal perceptual at tributes of th e 
experience based on al l e licited attr ibutes as well as on th e 
individual semantic groups for each experimental condition?  
    2) What is the relationship between the available modalities 
(= experimental condition) and the modality expressed by the 
elicited attributes? 
     3) What is the relationship between the ph ysical properties 
of the switches and the primary attributes? 
   The r esearch questions will b e d iscussed in the fo llowing 
based on the tw o methods, v erbal classification and principal 
component analysis.  

4.1. Verbal classification  

The distr ibution of the attributes after step 1 (s ee Figure 1)  
indicate that if a subject has an impression related to a specific 
modality (A, H or V), and this happens in approximately 55 - 
60% of the c ases, then i t’s predominantly re lated to a hap tic 
impression and  for the r emaining cases the subject will h ave 
no specific im pression of mo dality (holistic group). This 
distribution is fairly  (see belo w) independen t of the tested  
experimental conditions and  thus supports the conclusions of  
the fi rst pap er [1] where it w as shown that the dom inant 
principal component was  relate d to conditions that included 
haptic information. 
   However, three conditions deviate f rom th e general trend . 
When haptic-o nly informatio n is av ailable (Q = H) 
approximately 68% of the attributes are haptic related and only 
30% in the holistic group. When visual-only (Q = V) or visual-
auditory (Q =  VA) inform ation is av ailable t he tr end is  the  
opposite as only 25% of  the attributes are in the haptic group, 

55% in the holistic group and approximately 10 - 15% in the 
visual group o r the visu al-auditory group . This suggests that 
when onl y h aptic information i s avai lable to t he subje ct, a 
higher than average percentage of the attributes is specifically 
related to a haptic impression. However, when only visual or  
auditory-visual information is available to the participant then 
a lower than average percentage of haptic related attributes are 
reported and  a higher than aver age percen tage of  holistic 
attributes. This suggests that avai lability of visual information  
either alon e or i n combination with auditor y in formation are  
special combin ations th at triggers anoth er ty pe of more 
general attributes/impressions  than s een for  th e othe r 
combinations of  m odalities. The results pr esented in [1]  als o 
indicated that the combinatio n of visual-only  or v isual-
auditory information results in a  preference impression that is 
independent an d diff erent fro m that resultin g when h aptic 
information is available. However, in [1] it was found that the 
preference impression for  au ditory-only information w as 
classified in th e same group as visual-only  or v isual-auditory 
and this is not supported by the present results as the auditory-
only cond ition has a  distribu tion of attributes sim ilar to the 
average.  
   The distributions after step 2 offer a more d etailed overview 
of th e distribu tion of  elicited a ttributes wit h respe ct to  
semantic ca tegory. The ge neral res ult, seen across 
experimental conditions, is that the categories “Psychological” 
and “Physical” are the main groups whereas the “Illustrative” 
category is rarely used and when it’s used it’s primarily for the 
attributes th at f alls into  the per ceptual m odalities “ auditory” 
(very few)  or “visual”. Th e general distribu tion thus indicate 
that subjects, independently of the experimental condition (Q),  
uses attr ibutes that are either related to a ph ysical impression 
(“Physical”) or r elated to their knowledge of the switch or i ts 
function (“Psychological”). A more detailed stud y of th e two 
main distributio ns “Phy sical” and “Psy chological” suggests  
that the general distribution between the two  is  characterized 
by the following general rule: Elicited attributes that indicate a 
specific modality  wh ich is not included in  th e experimental 
condition (e .g. a n expressed attribute is audi tory rel ated (A),  
however the experimental condition does not include auditory 
information ( e.g. Q = HV)) wil l predom inantly fal l i nto the 
“Psychological” ca tegory compared to th e “ Physical”. F or 
elicited a ttributes that are associated with a m odality that is  
included in the  exp erimental condition, th ere is  an  ev en 
distribution between th e two categories. Th is suggests that 
subjects op erating under  conditions which do  not activ ate a 
given modality tend to use desc riptors in the area of the non-
activated modality that are related to their previous knowledge 
of the switch and its functions. For example, this means that if 
a subject is activating a switch which does not result in any 
audible sound  it will not pr event the subjects  from usin g 
auditory related descriptors, but then they will mainly belong 
to the “Psychological” category. 

4.2. Principal component analysis 

The attribu tes r elated to p rincipal components 1 and 2 were 
established as described in section 3 .2 and a summary  is  
shown in Table 1. The term “quality  of f eedback” used  in  
Table 1 has a number of associated expressions such as: 

1) Is the switch round or sharp 
2) Is the switch soft or hard when pressed 
3) What is the size and height of the switch 
4) Does the the switch have a modern or old visual 

expression 
5) Magnitude of clicking sound 
6) Esthetics  
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    The results in Table 1 are similar across the three attribute 
groups and  th e gen eral interpretation of  the f irst pr incipal 
component is th at it is r elated to magnitude o f the f eedback 
when oper ating the switch  and  to some ex tent the qu ality of 
the feedback. The second principal component is related to the 
quality of the feedback where the elements of q uality depend 
to a certain degree on the modality involved.  
    The summary shown i n Table 1 combined with t he re sults 
in Table 2  su ggests th at PC  dimension  1  is  primarily  
associated wi th a h aptic impression and  th at th is im pression 
determines th e magnitude of t he feedb ack of  the s witch. 
Dimension 2 is  associated , to some degree, with the hap tic 
feedback bu t, d epending on the modality available, a lso the  
audio – v isual feedback and  th is dimension determines th e 
various parameters of the quality of the feedback. This suggest 
that the audio and visual modalities are most important for the 
quality of  the feedback whereas the ha ptic moda lity is 
important for the magnitude of the feedback.  
    The practical implications of the discussion ab ove could be 
that whi le the  a udio and v ideo modalities cannot repl ace or  
substitute the  h aptic m odality their pr esence in com bination 
with th e hap tic feedb ack c an incr ease the  quality of the 
feedback. In  sit uations wh ere substituting  hap tic f eedback is  
necessary, it may  be beneficial to  focus  on how  to 
communicate the magnitude of  the f eedback v ia sounds or 
visuals, be cause this  s eems to be what is  prim arily m issing 
without haptic feedback.  

4.3. Relationship between the available modality and 
the modality expressed by the elicited attributes 

The r elationship betwe en th e ava ilable m odality and the  
modality expressed b y the el icited a ttributes f or prin cipal 
dimensions one and two are show n in Table 2. The results are 
quite similar  across the three attribute groups  and  can  be 
summarized fo r those experimental conditions that include a 
haptic compon ent and for  a group withou t th e h aptic 
component, as  follows:  The experim ental conditions that  
include a h aptic component all have a haptic in terpretation of 
the first principal component. The second principal component 
also include a haptic component and is some cases (HAV, HA) 
includes a component related to the other modalities available 
to the  subje ct. The experimental co nditions w hich do no t 
include a haptic component (A, V, VA) in most cases have the 
first pr incipal component related to the modality  available to 
the subjects. The second principal component includes a haptic 
component in combination with the modalities available to the 
subject. The res ults thus support the conclusion in [1]  th at 
suggested that the first prin cipal component of the preference 
space was str ongly associated with th e experim ental 
conditions that include the hap tic modality and that the second 
principal component was associated with the condition which 
did not in clude a haptic modali ty. The results and discussion 
above suggest that if  th e hap tic modality  is av ailable to th e 
participant th en it wil l be the most im portant aspect in th e 
attribute sp ace generated b y the subjects. If auditory-only, 
visual-only or auditor y-visual inform ation is avai lable then 
attributes r elated to those m odalities wi ll dom inate th e f irst 
principal d imension of the attribute space. The second 
principal dimension wi ll include a  haptic re lated a ttributes in  
combination with modality specific attributes. 

4.4. Relationship between the physical properties of 
the switches and the primary sensory dimensions  

The discussion above, summarized  in Tab le 1, suggests th at 
independently o f modality avai lable to  the subj ect, the  f irst 
principal sensor y d imension can be char acterized b y th e 

magnitude of the feedback determined primarily by the haptic 
modality and th e second  dimen sions b y the q uality of the 
feedback determined by a combination of the auditory, visual 
and haptic modalities and characterized by a number of “sub” 
dimensions such as “is the sw itch round or shar p” or “is th e 
switch soft or  hard when pr essed”. In a first attempt to try to 
relate the ph ysical propert ies o f the  switches  t o the  sensor y 
dimensions, th e positions of  th e swit ches in  th e two  
dimensional PC A solution based on all elicited  non-holistic 
attributes are sh own in Figur e 2 . Th e trends ob served in  th e 
following for  the non-holistic attributes are representative for  
those observed for solutions based on all elicited attributes and 
the holistic attributes. The switches are further described in [1] 
and a ph ysical char acteristic t hat cou ld be  r elated to  th e 
“magnitude of  f eedback” dimension (PC1)  is the presence of  
soft or snap action. Switches 2, 3, 5, 6, and 7 have snap action 
and it is seen that all of these are positioned in the positive part 
of dimension 1 whereas switches with soft action are placed in 
the negative part. Switch 4 is the exception, having soft action, 
but being  pl aced just on the positive p art. However, th e 
physical size of  the switch is very small which will limit the 
physical magnitude of  the f eedback. A  lim ited ph ysical 
feedback als o c haracterizes s witch 3 du e to  the  fl exibility of 
the mechanical lever. The physical characteristics of the action 
(snap/soft) seem to be corr elated with dimension  1 and could 
thus be an important f actor in determining the  m agnitude of 
the haptic feedback. The “quality of the feedback” dimension 
is c haracterized by  a numbe r of expr essions related  to 
combinations of visual, auditory and haptic modalities. Visual 
expressions are related  to  fo r example th e shape (round  or  
sharp) and size of the switch an d the auditory expressions to 
the m agnitude of th e clicking sound.  The po sitions of  th e 
switches in  rel ation to  th e “ quality of f eedback” dim ension 
(PC2), as shown in Figur e 2, indicate t hat the  si ze of t he 
switches is  important as the larger switches are positioned in 
the positive part and the smaller in the negative, the shape of 
the active part o f the switch is  also important as round shapes 
(e.g. switches 1, 6) ar e predominantly in the positive part and 
sharp (e.g . switches 3 and 4) are in the n egative par t. The 
presence of a d ifferent eng age/release sound could also b e 
important as the switches with different engage/release sounds 
(2, 5, 6) are positioned on the p ositive part of t he “quality of 
feedback” dim ension whereas those with  th e same 
engage/release sound (3, 4 , 7 ) are in  th e n egative p art. 
However, it is n oted that switches 1 and 8 do not support this  
hypothesis as they are placed opposite.  
    The above discussion thus suggests that th ere ar e certain 
physical characteristics that will determine the position of th e 
of the indiv idual switch in  the s ensory s pace, howev er it 
should be noted  that the present selection of switches and  the 
limited num ber of ph ysical char acteristics cons idered is  too 
limited to be able to draw detailed conclusions. 
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PC 
dimension 

All attributes Holistic 
group 

Non-holistic 
group 

1 

a) magnitude/ 
strength of 
feedback 
when using 
the switch 
b) quality of 
feedback 

H included: 
degree and 
quality of 
feedback 
V, A & VA 
included: 
ease of 
finding the 
switch  

Magnitude of 
feedback and 
ease of use 

2 

H included: 
physical 
issues (size  
and form  of  
switch) in  
combination 
with other 
modalities 
(e.g. audio) 
A, V & AV 
included: 
ease of use 

H included: 
quality of 
feedback 
A, V &VA 
included: 
degree of 
feedback and 
visual 
impression 
when using 
the switch 

Quality of  
feedback 
(specific f or 
each 
modality) 

 
Table 1  Summary of the elicited attributes shown in Table 4. 
The modalities are noted in bold if the interpretation depends 
on the modality included. See also text below. 
 
 

Exp. 
Condition 

PC 
no. 

Interpretation 
for all attributes 

Interpreta
tion for 
holistic 

Interpreta
tion for 
non-
holistic 

A 1 Auditory & haptic No mod. Auditory 
A 2 No specific No mod. Various  
H 1 Haptic & auditory No mod. Haptic 
H 2 Haptic Haptic Haptic 
HA 1 Haptic (some A & 

V references) 
Haptic & 
auditory 

Haptic 

HA 2 Auditory &  a few 
haptic 

Haptic Haptic 

HV 1 Haptic & visual Haptic & 
visual 

Haptic 

HV 2 Haptic Haptic Haptic 
HVA 1 Haptic Haptic Haptic 
HVA 2 Visual Visual & 

haptic 
Visual 

V 1 Visual Visual Visual 
(haptic) 

V 2 Haptic via visual Visual Haptic 
(visual) 

VA 1 Auditory & haptic Visual & 
auditory 

Auditory 

VA 2 Visual & haptic Visual & 
auditory 

Haptic 

 
Table 2 Interpretations of the modality of the individual PCA 
dimensions (see section 3.2 for description of procedure) for 
the attributes in the complete set, in the “Holistic” group and 
in the “non-Holistic” group. 
 

 
 
Figure 2 Two-dimensional PCA solutions based on all elicited 
non-holistic attributes. Shown are positions of the switches 
and an image of their physical presence. The interpretation of 
the principal components are based on the discussion above, 
please consult the text for further details. 
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