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1 Introduction

Prior to 1960, visual 
distortion in glass 
was a common issue 

due to the rudimentary 
methods to control 
basic glass thickness. 
After the invention of 
the float glass process, 
both surfaces of glass 
panels could effectively 
be flat and parallel, which 
represented an incredible 
innovation for its visual 
quality.

Notwithstanding 
this technological 
improvement, the thermal 
treatment of glass, 
lamination processes and 
insulation of glazing units 
still create various types 
of visual distortions on the 
surfaces of glass, which 
can be very noticeable 
and at times disturbing to 
people interacting with 
the facade. This is valid 
for people looking at the 
facade from the outside 
(reflected distortion) 
but also to users of the 
building looking out 
(transmitted distortion).

Thermal 
treatment of 
glass, lamination 
processes and 
insulation of 
glazing units still 
create various 
types of visual 
distortions on 
the surfaces of 
glass...
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When the glass 
is heat-treated 
through the 

most common industrial 
processes (e.g. toughened 
glass, heat strengthened 
glass, heat soaked 
toughened glass), the 
flatness of the glass is 
affected permanently 
creating the potential for 
optical faults/distortions 
that can be picked-up 
by the human eye. These 
distortions consist of 
localised bending of the 
glass (roller wave, bow, 
edge dip, etc.) which 

2.1 Monolithic and laminated 
heat-treated glass

2 Types of Visual distortion

result in distortion of the 
reflected images or in-out 
visual quality.

Visual distortion is less 
accentuated when the 
surfaces are parallel, 
characteristic of float 
glass, when the viewer has 
a perpendicular position 
to the glass. At acute 
angles these distortions 
are however accentuated 
as shown in Figure 1.

Perceived visual distortion 
is enhanced in laminated 
heat-treated glass 

Most incident light rays will 
have their direction changed, 
which may be perceived as an 
optical distortion of the image 
at all angles of view.

panes, especially when 
the bending of glass 
on both panes does 
not align (alignment is 
difficult to achieve and 
not normally guaranteed 
by glass manufacturing 
plants). This creates a 
final product with variable 
overall thickness. The 
consequence is that 
most incident light rays 
will have their direction 
changed, which may be 
perceived as an optical 
distortion of the image at 
all angles of view as shown 
in Figure 2, below.



Glass

Plastic interlayer
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Figure 2: Roller waves in laminated toughened glass

Figure 1: Roller waves in monolithic toughened glass
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Figure 3: Overall and local bow 

2.1.1  
Roller wave

2.1.2  
Overall and 
local bowWhile the molten glass 

is in contact with the 
rollers during the heat 
strengthening or heat 
toughening process, 
a surface distortion is 
produced by a reduction 
in surface flatness, known 
as ‘roller wave’. Roller 
wave is generally noticed 
in reflection but can also 
be noticeable in the in-out 
visual quality of glass. 

The following values 
are typically specified 
to control roller wave 
distortions during the 
fabrication process and, 
although these criteria are 
tighter than that stipulated 
in European standards, 
it does not eliminate 
visual distortions. Lower 
values can be achieved 
and guaranteed by some 
manufacturers.

a) Roller wave:+ 0.15mm 
maximum depth from peak 
to trough
b) Edge dip: + 0.25mm 
maximum

Where possible, glass 
panels shall be arranged on 
each face so that any roller 
wave lines are in horizontal 
orientation, minimising the 
possibility of optical faults 
being picked-up by the 
human eye.

As a consequence of the 
heat-treating process, 
deviation of flatness, 
depending on thickness, 
width, length and other 
factors can result in an 
overall and/or local bow 
of the glass pane as 
shown in Figure 3.

¹  BS EN 12150-1
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The maximum allowable values for the overall bow, 
and local bow, are given in Figure 4.

Figure 4: Maximum values for overall and local bow – BS EN – 12150 -1-2004

Toughening 
process Type of glass

Maximum values
Overall bow

mm/mm
Local bow

mm/300mm

Horizontal
Float to EN 572-2 0,003 0,5

Others 0,004 0,5

Vertical All 0,005 1,0

2.1.3 
Lensing effect
Using heat treated glass 
as the substrate when 
laminating may result 
in a greater degree of 
visible distortion due to 
the lens effect of having 
the glass surfaces out 
of phase or non-parallel 
when bonded together in 
the laminated glass make-
up, as shown in Figure 2. 
This lensing effect can 
result in a magnification 
of objects when they are 
viewed through the glass 
in transmission as well as 
when viewing reflected 
images. 

2.2 Pillowing 
effect in 
insulated glass 
units
Due to climatic loads 
(temperature and pressure/
altitude at time of sealing), 
the cavity between glass 
panes in a double/triple 
glazed unit will expand or 
contract as the internal 
and external temperatures 
vary throughout the day. 
See Figure 5. Temperature 
and pressure are indeed 
causing deformation of 
the glass panes, which 
results in issues with visual 
distortion. Glass units shall 
be designed to resist safely 
and without significant 
deflection the loads 
coming from air pressure, 
altitude or temperature, 
or other related sources 
creating differential 
pressures between the 
cavity filling and the 
outside air.

Pillowing due to climatic 
loads can be limited 
through calculation, 
however verification 
through measurement on 
site is very difficult since 
this varies throughout the 
day/year and is dependent 
on both weather and 
manufacturing conditions.
 
Pillowing distortion effect 
is more noticeable when 
viewed at reflection 
(out-in) and can be very 
noticeable when the 
images reflected are 
supposed to be linear (e.g. 
reflection of adjacent 
buildings).

To prevent excessive visible 
pillowing, where possible, 
the double-glazing units 
are to be made asymmetric 
with a thicker/stiffer outer 
pane so that most of 
the deformation due to 
unequal pressure occurs on 
the inner pane.
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Figure 5: Pillowing effect

The cavity between glass panes in a 
double/triple glazed unit will expand 
or contract as the internal and external 
temperatures vary throughout the day.
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3 Digital prototyping

Visual distortion due 
to heat treatment, 
lamination/

lensing or pillowing are 
often only identified 
once the glass is already 
manufactured or installed, 
which can result in 
contractual, programme 
and cost issues. The 
overall aesthetic quality 
of the project can be 
compromised because 
the optical faults are 
identified too late in the 
process.

Distortion limits can be 
specified and controlled 
during the process of 
design and manufacture 
but it should be noted 
that the optical fault often 
arises from a combination 
of multiple causes that are 
within specification limits.  

Buro Happold is 
partnering with Eclat 
Digital to converge the 
design and structural 
calculation tools of glass 
for a project with a visual 
prototyping tool.

Digital prototyping aims 
to provide predictive, 
quantitative and 
physically-supported 
images. This technique 
allows faster and earlier 
convergence of the 
design process to assess 

in the simulation is clear 
building glass and the 
deformations studied are 
included directly in the 3D 
geometry of the glass.

The overall 
aesthetic 
quality of the 
project can be 
compromised 
because the 
optical faults 
are identified 
too late in the 
process.

the best solution, thus 
limiting the cost and the 
need of physical samples. 

OceanTM, developed by 
Eclat Digital, is a full 
spectral ray-tracing 
software used for 
accurate and physical-
based rendering. 
It employs real data 
material coming from 
optical characterisation 
and bases its calculation 
on well-established optical 
physical laws. 

The algorithm models 
the extending of rays 
into a scene and bounces 
them off surfaces and 
towards light sources 
for computing pixel 
information. Governed by 
geometrical optics, it uses 
a stochastic Monte Carlo 
approach for generating 
and sampling light paths. 
These can be launched 
from a sensor object 
(instrument) and from the 
light source (bidirectional 
ray-tracing). 

The following sections 
provide some typical 
examples of visual 
distortion through digital 
prototyping to assist 
readers in appreciating 
the effect of these 
visual distortions on 
buildings. The glass used 
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3.1 Visual distortion due 
to pillowing
Visual distortion due to pillowing on a limit 
of Diagonal/1000 for a double-glazed 
unit, 1500x3000mm (WxH), composed 
of two monolithic single float glass panes, 
with solar control reflective coating.

3.1.1  
All glass tall building
The visual distortions due to pillowing of 
the glazing units is clearly visible in the 
scenario shown in Figure 7. The reflected 
image of the building in front is largely 
distorted, particularly, the reflected 
curtain walling grid looks curved and 
warped as the lines are following the 
pillowed shape of the glass pane.

The reflected 
curtain walling 
grid looks 
curved and 
warped as 
the lines are 
following the 
pillowed shape 
of the glass 
pane.
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Figure 6: Tall building, all glass – inclined view from street level – NO distortions

Figure 7: Tall building, all glass – inclined view from street level – Pillowing diagonal/1000
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In the scene below the observer is located inside a building and is looking down into a 
general floor of the opposite building with pillowed glass panes. The distorted reflected 
image is clearly perceptible as in the precedent scene; all the buildings located at 
the other side of the street appear curved with a distorted contour compare to the 
benchmark undistorted image.

Figure 8: Tall building, all glass – inclined view from another building – NO distortions

Figure 9: Tall building, all glass – inclined view from another building – Pillowing diagonal/1000
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3.2 Visual distortion due 
to roller wave
Visual distortion due to roller wave on a 
limit equal to ±0.15mm for a 1500 x 3000 
mm (WxH) unit, monolithic single glass 
pane, with solar control reflective coating in 
the “all glass tall building” scenario.

3.2.1  
Lab prototype (zebra 
board) 
The scenario shown in Figures 10 & 11 
replicates a laboratory/factory environment 
where the roller wave effect is clearly visible 
in the reflected image of a zebra pattern 
printed on a panel suspended above the 
distorted piece of glass. This is a typical 
non-measured quality control process in a 
heat treatment production line.

The roller 
wave effect is 
clearly visible 
in the reflected 
image of a 
zebra pattern 
printed 
on a panel 
suspended 
above the 
distorted piece 
of glass.



Figure 10: Lab prototype (zebra stripes) – NO distortions

Figure 11: Lab prototype (zebra stripes) – Roller wave ±0.15 mm
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Figure 12: Tall building, all glass – inclined view from street level – NO distortions

Figure 13: Tall building, all glass – inclined view from street level – Roller wave ±0.15 mm
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3.2.2 All glass tall building
The visual distortions due to roller wave of the glass panes can be appreciated in this 
scenario too. The reflected image of the building on the other side of the street is 
distorted, particularly the horizontal reflected lines appear wavy and undulated. The 
vertical reflected lines appear to be less distorted than the horizontal – this is however 
dictated by the orientation of the roller wave lines.
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3.3 Visual distortion due 
to lensing effect
Visual distortion due to lensing out of phase 
for a 1500x3000mm (WxH), double glazed 
unit composed of two laminated glass 
panes.

3.3.1 Lab prototype 
(zebra board) 
The images shown in Figures 14 & 15 show 
visual distortion due to the lensing out 
of phase effect for a double-glazed unit 
1500 x 3000 mm (WxH) composed of 
two laminated heat-treated glass panes in 
a factory environment. The optical fault 
can be appreciated from the zebra striped 
board mounted behind the glass panel and 
viewed in direct transmission.

The optical 
fault can be 
appreciated 
from the zebra 
striped board 
mounted 
behind the 
glass panel...
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Figure 14: Lab prototype (zebra stripes) – NO distortions

Figure 15: Lab prototype (zebra stripes) – Lensing out of phase ±0.15 mm
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3.3.2 All glass tall building
The visual distortions due to lensing effect can be appreciated in the scene below, where 
the observer is located inside a building and is looking down into a general floor of the 
building with distorted glass panes. The reflected image of the building on the other side of 
the street is distorted, being magnified, and blurred as a consequence of the glass panes 
being out of phase or non-parallel when bonded together into a laminated glass make-up. 

Figure 16: Tall building, all glass – inclined view from another building – NO distortions

Figure 17: Tall building, all glass – inclined view from another building – Lensing out of phase ±0.15 mm
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Distortion due to lensing effect becomes particularly visible when objects are viewed 
through the glass in transmission and with an acute angle. This can be clearly appreciated 
in the scenario below, where the observer is standing inside the building, close to the 
distorted glass pane, looking up at a tower located on the other side of the street. The 
optical fault becomes obvious in the upper part of the glass pane, where the distortion of 
objects viewed through the glass increases.

Figure 18: Tall building, all glass – inclined view of another construction, from inside of the building – NO 
distortions

Figure 19: Tall building, all glass – inclined view of another construction, from inside the building – Lensing 
out of phase ±0.15 mm±0.15 mm
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4 Recommendations

The visual distortions 
described in this 
document can be 

considered as features 
inherent in each glass type 
and cannot be entirely 
eliminated, due to the 
manufacturing processes 
currently available in the 
market. However they can 
be kept within controlled 
limits, typically regarding 
the fabrication tolerances 
and an assessment 
process in the project-
specific specification.

However, the definition 
of limits for fabrication 
tolerances is not a 
straightforward task as 
this has cost implications, 
with products becoming 
more expensive as 
tolerances get tighter, and 
additionally it is difficult 
to appreciate how the 
final appearance of the 
facades will be impacted 
by the combination of 
various possible sources 
of visual distortion (e.g. 
laminated heat-treated 
glass in an insulated 
glass unit). Physical glass 
samples and visual mock-
ups are typically provided, 
but it is noted that these 
are often still not entirely 
representative of the final 

built result, and require 
extended time to produce 
several iterations (i.e. 
testing different tolerance 
limits). In particular, 
visual distortion from the 
pillowing effect cannot 
be replicated by a mock-
up, as it is influenced by 
ambient temperature and 
atmospheric pressure, 
which vary over time.

The assessment of visual 
distortion through digital 
prototyping can assist 
in helping to appreciate 
the final result and the 
combined effect of these 
distortions in the early 
design/procurement 
stages, to ensure that 
the glazing specification 
meets the expectation for 
a particular building. 

Providing predictive, 
quantitative and 
physically-supported 
images, this approach 
allows teams to identify 
the best solution in a cost 
effective, time-limited 
way, and without the need 
for physical samples. This 
analysis will reduce the 
risks to the final aesthetic 
vision for the facades, 
programme and budget.

The assessment 
of visual 
distortion 
through digital 
prototyping 
can assist in 
helping to 
appreciate the 
final result and 
the combined 
effect of these 
distortions 
in the early 
design/
procurement 
stages...
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