
Augmented Reality 
with Haptics 

for Medical Applications 

Allison M. Okamura

Associate Professor
Department of Mechanical Engineering

Department of Computer Science
Stanford University



hap·tic ('hap-tik)
adj. Of or relating to the sense of touch.

[Greek haptikos, from haptesthai, to grasp, touch. (1890)] 
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The haptic senses work 
together with the motor 
control system to:
- Coordinate movement
- Enable perception
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Force feedback:
haptics and graphics



Effects of force feedback
1. Haptic + Graphical
2. Haptic Only
3. Graphical Only

4. No Force Feedback
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What about manipulation?

no overlay dot overlay

In collaboration with D. D. Yuh of JHMI Cardiac Surgery

Graphical force feedback results in lower peak forces, 
lower variability of forces, and fewer broken 

sutures for novice robot-assisted surgeons



Skin stretch haptic device

Quek et al. (2013)



Skin stretch haptic device
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AR with Haptics for 
Medical Simulation



In medical simulation today, haptic feedback is typically 
restricted to that provided by:

 artificial materials 
(e.g., mannequins) 

resolved forces 
(e.g., force  feedback 
haptic interfaces in 
virtual reality simulators)

Laerdal’s SimMan

Simon DiMaio, UBC



Kinetic System for Medical Simulation 
(KineSys MedSim)

In collaboration with T. Judkins (IAI), J. E. Colgate (Tangible Haptics), D. Gaba (Stanford)



Kinesthetic haptic display

Images courtesy T. Judkins (IAI)



Electrostatic tactile display

Disney Research

Tangible Haptics



Haptic Jamming: A Deformable 
Geometry, Variable Stiffness Tactile Display 

using Pneumatics and Particle Jamming

Jim Gwilliam and Andrew Stanley

• Simultaneously 
controllable surface 
geometry and mechanical 
properties

• Uses pneumatics and 
“particle jamming”: a cell 
made from a flexible 
membrane filled with 
granular material solidifies 
when air is vacuumed out



Haptic Jamming Display
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Fig. 10. An STL file represents any three-dimensional
object, like the human heart shown here, as a set of
triangular faces and vertices.

each point such that the force it applies to the cur-
sor is defined by a contribution function dependent
on the distance from the cursor to that point [18].
The contribution function is typically defined to be
”compact” such that each point only contributes force
feedback if the cursor location falls within its radius of
influence, and these ”metaballs” can also be converted
into implicit surfaces [19]. While this permits efficient
rendering of highly complex surfaces with any con-
tours, it limits the rendering at any given time step to
the location of the cursor. In contrast, shape changing
interfaces like a Haptic Jamming surface allow multi-
point contact so that the user can not only trace the
boundary of the surface but also obtain a sense of the
object’s overall form factor in his or her hand.

Ideally, a Haptic Jamming surface or any other
shape changing interface would have the capacity
to render the shape of any three-dimensional object.
This would allow, for example, a designer using
CAD software or an online shopper to hold and feel
the product he or she is developing or considering
purchasing without creating or encountering the real
object. In reality, however, the output capabilities of
these interfaces often fall somewhere in between two-
and three-dimensional in the sense that they typically
cannot display all of the three-dimensional details
or contours, particularly concave surfaces that fold
underneath an object.

To account for this shortcoming, we actually first
convert the 3D model data into a 2D image before
converting back to 3D heights that we can input as a
desired surface into the shape control algorithm. We
start with and STL file, a set of vertices and triangular
surfaces commonly used to encode 3D objects, like the
one shown in Figure 10. We then color this rendering
in gray scale such that the intensity of each face cor-
responds to the z-height of its vertices before taking a
top-view 2D snapshot. The gray scale intensities in
this resulting image are then rescaled to the range

Fig. 11. The STL file is converted to a gray-scale
image by coloring each face with an intensity corre-
sponding to the z-height of its vertices. Surfaces that
fold underneath the object, like the end of the aorta in
this human heart, are lost in the rendering, which suits
the output capabilities of tactile display interfaces like a
Haptic Jamming surface.

5
10

15
20

25
30

35
40

45

5

10

15

20

25

30

0

5

Input

5
10

15
20

25
30

35
40

45

5

10

15

20

25

30

0

5

Output

Fig. 12. Desired input heights and resulting output
from the simulator for a 8⇥11 cell grid with four points
per cell edge in the simulation.

0�1 such that the lowest surfaces visible from the top
view, rather than the lowest surfaces in the 3D model,
become the zero height. Figure 11 shows the resulting
2D image from this process for the STL rendering
shown in Figure 10.

From the resulting 2D gray scale image, we can
use the same methods described in Section 4.1 to
construct 3D desired surface height data to input into
the shape control algorithm. Figure 12 shows a sample
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Algorithm 1 Array Configuration Matching
1: while pressure < maxPressure do

2: pressure pressure + increment
3: while equilibriumReached 6= true do

4: updateStates(array, timeStep)
5: equilibriumReached checkForEquilibrium()
6: allNodesPinned true
7: for each pinnableNode in array do

8: zGoal goalConfig.pinnableNode.z
9: if pinnableNode.z >= zGoal then

10: pinnableNode.fixed true
11: else

12: allNodesPinned false
13: allCellsJammed true
14: for each cell in array do

15: curvatureGoal goalConfig.cell.curvature
16: if cell.curvature >= curvatureGoal then

17: cell.jammed true
18: else

19: allCellsJammed false
20: if allNodesPinned && allCellsJammed then

21: break

pressure and run the simulator until it reaches static
equilibrium. If any node in the simulator’s array
configuration passes the height of the corresponding
point in the desired goal configuration, then that node
is pinned at that height, and if any cell’s curvature in
the simulator’s array configuration exceeds the curva-
ture of the corresponding cell in the goal configura-
tion, then that cell is jammed. The algorithms finishes
when the maximum chamber pressure is exceeded
or if all nodes and cells are pinned and jammed,
respectively. One example input goal configuration for
a 6⇥8 cell array with 4 point masses per cell edge,
developed from a topographical map of Australia as
explained further in Section 4.1, and the resulting
output from Algorithm 1 are shown in Figure 6.

In order for this algorithm to run, we must first
provide a method to check if the array simulation
has reached static equilibrium as well as a method
to estimate the curvature of each cell. We define
static equilibrium as any state where the sums of
the magnitudes of the velocities and accelerations of
all the points are both within a tolerance ✏ of zero,
a condition that we can easily check each time the
Euler integrator updates the states in the dynamic
simulation. To estimate the curvature of a cell, we
can use the ✓ angles already being calculated for each
torsional spring in that cell, where each point mass
within the cell has two torsional springs, oriented
along the horizontal and vertical axes. We define
the local single-axis curvature, i, for each torsional
spring at point i as

Fig. 6. A set of input point heights in a desired
shape (top) and the resulting output from the simulator
(bottom) using Algorithm 1 to try to recreate the shape
in a 6⇥8 cell grid.

i =

⇢
⇡ � ✓i, ~

r

A/i · n̂

i +~
r

B/i · n̂

i < 0
✓i � ⇡, otherwise

�
(12)

using the same vector notations defined in Figures
3 and 5. This equation requires two lines to define the
sign of the curvature due to the fact that ✓ is limited to
values between 0 and ⇡, regardless of the orientation
of the torsional spring in three-space. If the vectors
pointing from the center of the torsional spring to each
of its endpoints are, on average, against the direction
of the normal vector pointing out from the surface at
that point, as given by the sum of the dot products,
then the torsional spring is bending inwards and the
cell is ballooning outwards, which we define as a
positive curvature. Conversely, if the cell is concave
at that point, we define the curvature as negative.
We estimate c, the curvature of cell c, as the average
value of i for all torsional springs in the cell.

This averaging method for estimating the curvature
of the cell does lose some information about the
overall shape. The method ignores any eccentricity in
the cell shape, so a cell that is ballooned smoothly
across its surface could have the same value of c

as a cell that is bent sharply on one side and flat
on the other. Furthermore, saddle points where the
curvature is positive along one axis and negative
along another would have curvatures calculated close
to zero. However, given that Algorithm 1 does not
include a means to control for these types of shapes,
the averaging method for estimating curvature suf-
fices for this purpose.
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Personalized Robot Design and Use



Visualize patient-specific anatomy 



Visualize concentric tube robot



Integration of hand tracking
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AR with Haptics for
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User guidance with
wearable haptics
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Motion Incoordination:
Cerebellar Ataxia

 

Control Cerebellar

In collaboration with A. Bastian
(Kennedy Krieger Institute and JHU Neuroscience/Neurology)



Correcting movement deficits
in cerebellar patients



Exoskeleton robot

 

 



Correcting movement deficits
in cerebellar patients
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If a patient has hypermetria,
use the robot to

decrease their inertia

If a patient has hypometria,
use the robot to

increase their inertia
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Correcting movement deficits
in cerebellar patients
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Warm Springs Elementary School 
Fremont, CA

Sequoia High School
Redwood City, CA
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