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Bump and Hole Illusions

G. Robles-De-La-Torre, V. Hayward, Force can overcome object geometry in the 
perception of shape through active touch, Nature 412 (2001) 445–448. 

Stanford University                                 ME 327: Design and Control of Haptic Systems                              © Allison M. Okamura, 2020

!"##"$% #& '(#)$"

**+ !"#$%& ' ()* +,- ' -. /$*0 -11, ' 22234567893:;<

7=>4? 54 5@@58567= 6A56 5BB;29C 7= 6; =9@58569 D;8:9 :79= D8;<
=78D5:9 ?9;<968E3 F7GH9:6= 9I@B;89C 6A9 =A5@9 ;D =78D5:9= 6A8;7?A 5
<54>@7B54C7< @B5:9C G9A>4C 5 :7865>4 JK>?3 ,L3 F7GH9:6= @89==9C
C;24 ;4 6A9 @B569 ;D 6A9 <54>@7B54C7< 2>6A 6A9>8 >4C9I M4?98=
2A>B9 =<;;6ABE 8;BB>4? >6 ;4 6A9 =78D5:9=3 #A989 2989 6A899 >4698N
:A54?95GB9 @AE=>:5B =78D5:9=3 )49 =78D5:9 25= O56P ;49 A5C 5 G7<@P
54C 54;6A98 A5C 5 A;B9Q 6A9 B56698 62; A5C 5 ?57==>54 @8;MB9 6A56 25=
13R :< A>?ASC99@ 54C + :< 2>C93 #A9 @B569 25= :;4=685>49C 6;
89<5>4 A;8>T;465BP 54C >6= U986>:5B @;=>6>;4 25= 946>89BE C9698<>49C
GE 6A9 ?9;<968E ;D 6A9 @AE=>:5B =78D5:9=3 " D;8:9ND99CG5:V A5@6>:
>4698D5:9 :;7BC @8;C7:9 5 A;8>T;465B D;8:9 5= 5 D74:6>;4 ;D 6A9
<95=789C U986>:5B :;<@;4946 !=E J6A9 D;8:9 5@@B>9C U986>:5BBE GE 6A9
=7GH9:6=P K>?3 -5L 54C ;D 6A9 @B569W= A;8>T;465B @;=>6>;4 JK>?3 ,P
X96A;C=L3 #A9 D;8:9 ;D 6A9 >4698D5:9 >46985:69C 2>6A 6A9 D;8:9
8967849C GE 6A9 @AE=>:5B =78D5:93 #A9 >4698D5:9W= D;8:9 25= :5BB9C 5
YU>8675B =78D5:9W G9:57=9 >6 @8;U>C9C 6A9 =5<9 A;8>T;465B D;8:9
:;<@;4946 6A56 54 9Z7>U5B946 @AE=>:5B =78D5:9 2;7BC 896784P
89?58CB9== ;D 6A9 <54>@7B54C7<W= U986>:5B @;=>6>;43 K;8 9I5<@B9P
2A94 =7GH9:6= 9I@B;89C 5 @AE=>:5B G7<@ ;8 A;B9 JK>?3 -5 54C GLP 6A9E
9I@98>94:9C 5 A;8>T;465B D;8:9 !@I3 [A94 =7GH9:6= 9I@B;89C 5 O56
=78D5:9 :;<G>49C 2>6A 5 U>8675B G7<@ ;8 A;B9P 6A9E 9I@98>94:9C 6A9
=5<9 A;8>T;465B D;8:9 !@I JK>?3 -:P ?89EP C5=A9C :78U9LP G76 6A9
<54>@7B54C7< <;U9C >4 5 =685>?A6 B>49 JK>?3 -:P GB5:V B>49L3 \4
54;6A98 9I5<@B9P 6A9 A;8>T;465B D;8:9 :;<@;4946 D8;< 5 @AE=>:5B
G7<@ 25= :54:9BB9C ;76 JYD;8:9N<5=V9CWP X96A;C=L GE 5 =@56>5BBE
5B>?49C U>8675B A;B9 JK>?3 -CL3 ]989P 6A9 U986>:5B @;=>6>;4 ;D 6A9
<54>@7B54C7< D;BB;29C 6A9 ?9;<968E ;D 6A9 G7<@ JK>?3 -CP GB5:V
:78U9LP G76 =7GH9:6= C>C 4;6 9I@98>94:9 A;8>T;465B D;8:9 :;<@;4946=
JK>?3 -CP ?89EP C5=A9C B>49L3 #A9 <54>@7B54C7< 2;7BC =65E >4
9Z7>B>G8>7< ;4 5 =B;@9 89?58CB9== ;D A;2 <7:A 6A9 =7GH9:6= @7=A9C
;4 >6P H7=6 5= >D 6A9E 2989 9I@B;8>4? 5 O56 =78D5:93
\4 9I@98><946 ,P 29 7=9C 6A9 @585C;I>:5B =6><7B> H7=6 C9=:8>G9C 6;

>4U9=6>?569 2A96A98 =7GH9:6= :B5==>M9C 54C B;:569C =A5@9 D956789= GE
D;BB;2>4? ?9;<968>:5B ;8 A;8>T;465B D;8:9 :79=3 F7GH9:6= 2989 69=69C
7=>4? =9U94 C>DD98946 :;4C>6>;4=3 \4 :;4C>6>;4 ,P ;4BE O56 =78D5:9=
2989 @89=9469C3 \4 :;4C>6>;4 -P 6A9 O56 =78D5:9= 2989 :;<G>49C 2>6A
U>8675B G7<@=P 54C >4 :;4C>6>;4 R 2>6A U>8675B A;B9= JK>?3 -:L3 \4
:;4C>6>;4 + 6A989 2989 ;4BE ;8C>458E @AE=>:5B G7<@=P 54C >4
:;4C>6>;4 ^ ;8C>458E @AE=>:5B A;B9= JK>?3 -GL3 \4 :;4C>6>;4 .P 6A9
@AE=>:5B G7<@= 2989 D;8:9N<5=V9C GE U>8675B A;B9=P 54C :;468;B
U>8675B G7<@= 2989 854C;<BE @B5:9C 9B=92A989 JK>?3 -9L3 _;4C>6>;4
` <>88;89C :;4C>6>;4 . JK>?3 -9L3 #A9 @;=>6>;4= ;D @AE=>:5B 54C
U>8675B =78D5:9= 2989 74:;889B569C >4 :;4C>6>;4= . 54C `3 #A9
@8;G5G>B>6E ;D :B5==>DE>4? 5 =6><7B7= 5= 5 A;B9 ;8 5 G7<@ 25=
:5B:7B569C D;8 95:A =7GH9:6 74C98 5BB :;4C>6>;4=3 #A9 =6><7B7=
B;:5B>T56>;4 @98D;8<54:9 ;D 6A9 =7GH9:6= 25= <95=789C GE 6A9
:;889B56>;4 G962994 =6><7B7= B;:56>;4 54C =7GH9:6=W @;=>6>;4>4? ;D
6A9 <54>@7B54C7< JX96A;C=L3
#A9 O56 =78D5:9= 2989 :B5==>M9C 5= O56 JK>?3 R5P GP :;4C>6>;4 ,L3

(>8675B G7<@=P :;<G>49C 2>6A 6A9 O56 =78D5:9P 2989 :B5==>M9C 5=
G7<@= J"! 1!11,Q K>?3 R5P :;4C>6>;4 -LP 54C 2989 5::78569BE
B;:569C JK>?3 R:L3 (>8675B A;B9=P :;<G>49C 2>6A 6A9 O56 =78D5:9P
2989 5B=; >C946>M9C 5= A;B9= J"! 1!11,Q K>?3 RGP :;4C>6>;4 RL 54C
2989 @89:>=9BE B;:569C JK>?3 RCL3[A94 @AE=>:5B A;B9= ;8 G7<@= 2989
@89=9469C 5B;49P =7GH9:6= 5B=; 95=>BE >C946>M9C 54C B;:569C 6A9<
JK>?3 R5aCP :;4C>6>;4= + 54C ^L3 #A989 25= 4; =>?4>M:546 C>DD9894:9
>4 =7GH9:6=W >C946>M:56>;4 54C B;:5B>T56>;4 @98D;8<54:9 2A94
9I@B;8>4? @AE=>:5B ;8 U>8675B =78D5:9=3 ];29U98P 2A94 D;8:9N
<5=V9C @AE=>:5B A;B9= ;8 G7<@= 2989 :;<G>49C 2>6A U>8675B
=78D5:9=P =7GH9:6=W D956789= B;:5B>T56>;4 25= 5DD9:69C C85=6>:5BBE3
F7GH9:6=W >C946>M:56>;4 @98D;8<54:9 89<5>49C 6A9 =5<9 JK>?3 R5P
GP :;4C>6>;4= . 54C `LP G76 <;=6 =7GH9:6= 685:V9C 6A9 :;468;B U>8675B

y

x

Curtain

Table Physical
surface

Fixed
reference

Physical
surface

Plate Haptic
interface Shim

Subject's finger

Plate

Load cell

Frictionless joint
Wheel

a b

Wheel

!"#$%& ' !"#$ %(& '(# )*+(, %)& -"$./ +) ,0$ '11'*',2/3 !245$6,/ 1*$//$# #+.( +( ,0$
7'("128'(#279/ 18',$ '(# *+88$# ", /"#$.':/ %!;'<"/ "( )& ,+ $<18+*$ ,0$ /0'1$ +) '(
"(,$*60'(=$'48$ 10:/"6'8 /2*)'6$3 >0$ $(,"*$ .+*?/1'6$ .'/ 0"##$( )*+7 -"$. 4$0"(# '

48'6? 62*,'"(3 >0$ 7'("128'(#27 .'/ 6+(($6,$# ,+ ' 0'1,"6 "(,$*)'6$ %@$,0+#/& ,0',

+1$*',$# /"8$(,8:3

  

!"#$%& * A<1$*"7$(,'8 6+(#","+(/ BCD3 E0$( ,0$ 0'1,"6 "(,$*)'6$ .'/ ,2*($# +))F /245$6,/
$<1$*"$(6$# "1<F ,0$ 0+*"G+(,'8 )+*6$ 6+71+($(, ,0', #$1$(#/ +( /2*)'6$ =$+7$,*: %(F )&3
AH2"-'8$(, )+*6$/ %+C,& .$*$ 1*+#26$# 4: ,0$ "(,$*)'6$ ,+ =$($*',$ /,"728" .",0
2(6+**$8',$# )+*6$ %=*$:F #'/0$# 62*-$/& '(# =$+7$,*"6 62$/ %48'6? 62*-$/&3 >0$ )+*6$

62$/ )*+7 -"*,2'8 4271I0+8$ /,"728" %+& .$*$ $H2"-'8$(, ,+ ,0+/$ +) 10:/"6'8 4271/I0+8$/F
42, 1*+-"#$# ,0$ =$+7$,*"6'8 62$/ +) ' J', /2*)'6$3 K+*6$;7'/?$# /,"728" %-C,& .$*$ 2/$#
,+ 6*$',$ 10:/"6'8 4271/I0+8$/ .",0 /1',"'88: 2(6+**$8',$# 62$/ %&&F 10:/"6'8 0+8$/ .",0 '
42719/ )+*6$ 62$/F '(# 10:/"6'8 4271/ .",0 ' 0+8$9/ )+*6$ 62$/ %,&3

© 2001 Macmillan Magazines Ltd

Refrigerator 
magnet 

polarization

Figure 7: Magneto-mechanical delivery of the “bump/hole illusion” [69]. (A) The slider must be
adjusted to minimize play and yet have little friction. The pair of magnets is useful to balance the
vertical load when the magnetic fields interfere. With good quality ferrite magnets 15 ⇥ 10 ⇥ 8 mm
in size, an air gap of about 3 mm will create a lateral force field of appropriate intensity. Round
magnets would also work. Inserting washers under the slider allows one to adjust the air gap for
optimal e↵ect. (B) Finger exploring an illusory bump. Fore-aft movements may be more e↵ective than
sideways exploration. The finger may be in contact with any location of the moving surface.

Just as some people may never fuse Julesz’ random
dot stereograms, some people may never experi-
ence the illusions described herein. In our expe-
rience, however, they are consistently experienced
by most perceivers and can create considerable sur-
prise when the mechanism that produces them is
explained.

In this survey article, each instance of tactile il-
lusion could only be briefly described and much
more information is available in the listed refer-
ences. It is also natural to try to explain these il-
lusions. Some categories already have their contin-
gent of explanations but these cannot be discussed
in the scope of this survey. To the knowledge of
the author, considerable work remains to be done
to provide explanations which would be based on
specific brain mechanisms. Are there generally ap-
plicable explanation categories, or has each case its
specific explanation? These questions are open.
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Appendix: Dimensioning of Bent
Plate Illusion Mechanism

An infinite number of profiles can guide a plate in
contact with a finger such that the contact changes
but the finger stays on a straight line. Here, a sim-
ple approximate solution is provided. Referring to
Fig. 8A, the apex of the isosceles triangle is located
inside the guided finger and is required to move in a
straight line along x. Its location is parametrized
by x = t, y = 0, t 2 [�1,+1]. We then specify
an inclination that varies proportionally with the
horizontal position. Locally, this will approximate
the inclination that would result from exploring a
cylinder. Call a the length of one side of the tri-
angle. If we imagine the plate to be guided by two
sliding contacts L and R, we can write the para-
metric equation of the path of these contacts as
the inclination varies from �⇡

8 to ⇡
8 , see Eq. (1).

Optimizing a for path straightness yields a value
of a ⇡ 1.5. See Fig. 6. It is then possible to make
a cam as in Fig. 6 by shaping an aluminum plate
according to the profile in Fig. 8B. The cam is then
secured on a wood base. The carriage may be made
as indicated by Fig. 8C,D and caption.
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Passive Haptics
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released the book, it would fall until it collided with another object.  It would then rotate to

rest on its closest flat side.  The books were completely virtual; they had no real counterparts.

Figure 2-5.  Virtual Environment with Visual Pit.

The Pit Room consisted of a 2-foot-wide ledge around a 20-foot drop into a room containing

living room furniture: couches, lamps, tables, and bookshelves.  A chair sat on the far side of

the ledge opposite the door.  In front of the door, a 2-foot-wide portion of the ledge protruded

27 inches from the rest of the ledge, similar to a diving board.

Brent Insko Ph.D. Dissertation, UNC Chapel Hill Computer Science 2001 

Virtual 
environment 
with pit
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Figure 2-6.   Testing Edge of Physical Precipice.

The passive haptics model of the marble counters was constructed from styrofoam blocks

and particle board.  The walls of the Pit Room were built from styrofoam blocks.  Plywood

was used to construct the 1.5-inch-thick physical ledge and the 2.25-inch-thick diving board,

Figure 2-6.  A real radio placed at the location of the virtual radio conveyed instructions to

the participants.  There were no other auditory stimuli designed into the experiment.  A real

chair in the Pit Room and a real pedestal in the Training Room were registered with their

virtual counterparts.

Subjective presence was measured using the University College of London (UCL) Presence

Questionnaire (Usoh et al., 1999).  This questionnaire assesses three factors: reported

presence – assesses the extent to which participants report feeling present, reported

behavioral presence – assesses the extent to which the participants report acting present, and

ease of locomotion – assesses the ease of moving through the virtual environment.  The

questionnaire consists of 13 questions answered on a one to seven scale.  The questionnaire is

scored by counting the number of five, six, and seven responses (Meehan, 2001).  The

reported presence score ranges from zero to seven, whereas reported behavioral presence and

ease of locomotion range from zero to three.

Testing edge 
of the 

physical 
precipice

19

physical ledge, Figure 2-7, during the other session the physical ledge was omitted, Figure

2-8.  Each session, including task, questionnaires, and discussion time, lasted approximately

one hour.

Figure 2-7. Physical ledge.

Figure 2-8. No physical ledge.



 

 
Figure 2.  View of the 20’ pit from the wooden ledge. 

Change in Skin Temperature is less sensitive, less powerful, and 
slower responding than Change in Heart Rate, although its 
response curves are similar.  It also correlates with reported 
measures.  Our results and the literature on skin temperature 
reactions suggest that Change in  Skin Temperature would 
differentiate among conditions better if the exposures to the 
stimulus were at least 2 minutes [McMurray 1999; Slonim 1974].  
Ours averaged 1.5 minutes in each experiment.  
Change in  Skin Conductance Level yielded significant 
differentiation in some experiments but was not so consistent as 
Change in Heart Rate.  More investigation is needed to establish 
whether it can reliably differentiate among multiple levels of 
presence. 
Since Change in Heart Rate best followed the hypotheses, the 
remainder of this paper will treat chiefly the results for it.  For a 
full account of all measures, please see [Meehan 2001]. 

1.3. Our Environment and Measures 
We use a derivative of the compelling VE reported by Usoh et al. 
[1999].  Figure 1 shows the environment: a Training Room, quite 
ordinary, and an adjacent Pit Room, with an unguarded hole in the 
floor leading to a room 20 ft. below.  On the upper level the Pit 
Room is bordered with a 2-foot wide walkway.  The 18x32 foot, 2-
room virtual space fits entirely within the working space of our 
lab’s wide-area ceiling tracker.  Users, equipped with a head-
tracked stereoscopic head-mounted display, practice walking about 
and picking up and placing objects in the Training Room.  Then 
they are told to carry an object into the next room and place it at a 
designated spot.  The door opens, and they walk through it to an 
unexpected hazard, a virtual drop of 20 ft. if they move off the 
walkway.  Below is a furnished Living Room (Figure 2). 
Users report feeling frightened.  Some report vertigo.  Some will 
not walk out on the ledge and ask to stop the experiment or demo 
at the doorway.  A few boldly walk out over the hole, as if there 
were a solid glass floor.  For most of us, doing that, if we can, 
requires conscious mustering of will. 
This environment, with its ability to elicit a fear reaction in users, 
enables investigation of physiological reaction as a measure of 
presence.  If so strong a stress-inducing VE does not produce 
significant physiological reactions, a less stressful VE won’t.  This 
investigation is a first step.  Follow-on research should investigate 
whether less stressful environments also elicit statistically 
significant physiological reactions.  
This remainder section will discuss the physiological measures we 
tested and the reported measures we used to evaluate validity. 

1.3.1. The Physiological Measures 
As stated above, we investigated three physiological metrics that 
measure stress in real environments [Andreassi 1995; 
Guyton 1986; Weiderhold et al. 1998]:  
Change in heart rate (¨ Heart Rate). The heart beats faster in stress. 
Change in skin conductance (¨ Skin Conductance Level).  The 
skin of the palm sweats more in stress, independently of 
temperature, so its conductance rises. 
Change in skin temperature (¨ Skin Temperature).  Circulation 
slows in the extremities in stress, causing skin temperature to drop. 
Each of these measures was constructed to increase when the 
physiological reaction to the Pit Room was greater.  
¨ Heart Rate =  mean HR Pit Room  – mean HR Training Room.   
∆ Skin Conductance = mean SC Pit Room – mean SC Training Room 
∆ Skin Temperature = mean ST Training Room – mean ST Pit Room 

We first measured heart rate with a convenient finger-mounted 
blood-pulse plethysmograph, but the noise generated by the sensor 
moving on the finger made the signal unstable and unusable.  We 
then went to more cumbersome chest-attached three-electrode 
electrocardiography (ECG).  This gave a good signal.  Skin 
conductivity and skin temperature were successfully measured on 
the fingers.  Once connected, users reported forgetting about the 
physiological sensors – they did not cause breaks in presence 
during the experiments.  Figure 3 shows a subject wearing the 
physiological monitoring equipment.  

1.3.2. The Reported Measures 
Reported Presence.  We used the University College London 
(UCL) questionnaire [Slater et al. 1995; Usoh et al. 1999].  The 
UCL questionnaire contains seven questions that measure presence 
(Reported Presence), three questions that measure behavioral 
presence (Reported Behavioral Presence) – does the user act as if 
in a similar real environment – and three that measure ease of 
locomotion (Ease of Locomotion).  Responses for each question 
are on a scale of 1 to 7.  Reported Ease of Locomotion was 
administered for consistency with earlier experiments, but we do 
not report on it in this paper. 

 
Figure 3.  Subject wearing HMD and physiological monitoring 
equipment in the “Pit Room”. 
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Barbie- 
Cueing 
Weight 

Perception

“Conceptual knowledge, in the 
form of culturally reinforced 
biases, seems to affect how we 
perceive… weight.’”

- Saccone and Chouinard
  i-Perception 2019

Yet another weight illusion:
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Reminders: 
Assignment 2 due today

Add/drop deadline tomorrow
Assignment 3 to be posted today (no late 

submissions allowed due to posted solutions)

Quiz 1 plan: 60 minutes,  
taken online any time on Friday, May 1

Office Hours/Q&A with Allison until 10 am. 
Question queue (see tab with today’s date):  

https://tinyurl.com/HapticsAllison
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