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Mathematical modeling of laser based potato cutting and peeling
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Abstract

A mathematical model is developed and validated to predict the depth of cut in potato tuber slabs as a function of laser power
and travel speed. The model considers laser processing parameters such as input power, spot size and exposure time as well as the
properties of the material being cut such as specific heat, thermal conductivity, surface reflectance, etc. The model also considers the
phase change of water in potato and the ignition temperature of the solid portion. The composition of the potato tuber is assumed to
be of water and solid. The model also assumes that the ablation process is accomplished through ejection of liquid water, debris and
water vapour, and combustion of solid. A CO; laser operating in c.w. mode was chosen for the experimental work because water
absorbs laser energy highly at 10.6 wm, and CO, laser units with relatively high output power are available. Slabs of potato tuber
were chosen to be laser processed since potato contains high moisture and large amounts of relatively homogeneous tissue. The
results of the preliminary calculations and experiments concluded that the model is able to predict the depth of cut in potato tuber

parenchyma when subjected to a CO; laser beam.
© 2007 Elsevier Ireland Ltd. All rights reserved.

Keywords: Laser cutting; Laser modeling; Potato cutting; Potato peeling; Biological material

1. Introduction

Recent advances in manufacturing applications of
lasers have been due to their high precision, high produc-
tivity, flexibility and the effectiveness with which they
can be incorporated into automated manufacturing envi-
ronments. Laser has been held as a potentially useful
manufacturing tool for a variety of applications. It pro-
duces a coherent, highly directional beam of light. The
laser’s properties of monochromaticity and spatial coher-
ence allow the beam to be focused to an extremely small
spot by a lens system, to produce a high power density
laser beam used for welding, cutting, drilling or material
processing.
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The unique characteristics of the interaction of laser
with material has revolutionised many techniques in
material processing such as precise removal of small
portion of material, precision drilling, localised thermal
treatments, cutting without mechanical stresses, cutting
complex contours, and welding with little heat affected
zone (HAZ). Presently these techniques are available on
an industrial scale, and laser systems and shops are used
in many industries worldwide.

During the last 10 years surgical techniques have also
benefited with the advent of the laser. Features such as
tissue selectivity, non-contact process and wavelength-
dependent penetration have made laser applications in
the medical field innumerable. Recently, the use of lasers
in food processing is getting attention, e.g., the applica-
tion of lasers to cut cheese slices as researched by Li and
Choi (2004).

This work presents a model and process for non-
traditional cutting tool of potato tuber parenchyma
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Nomenclature

A area of the exposed surface of the control
volume (m2)

Cp specific heat of product (J (kg °C))

Cs specific heat of solid phase (J (kg °C))

Cy specific heat of water vapour (J (kg °C))

Cy specific heat of liquid water (J (kg °C))

d depth of cut (m)

de experimental value for depth of cut (m)

D beam diameter (m)

h fraction of the total control volume occu-
pied by the solid that will be combust
(decimal)

b fraction of the total control volume occu-
pied by the water that will be vaporised
(decimal)

JE] fraction of the total control volume occu-
pied by the solid that will be rejected
(decimal)

fa fraction of the total control volume occu-
pied by the solid that will be ejected by
explosion (decimal)

F loss factor (decimal)

H thermal conductivity of product (J/kg)

K thermal conductivity of the product
(J/(ms°C))

L latent heat of vaporisation for water (J/kg)

L length of cut (m)

M mass of combusted solid (kg)

Mes mass of solid ejected by explosion (kg)

Mew mass of water ejected by explosion (kg)

mg total mass of solid (kg)

Myw total mass of vaporised water (kg)

My, total mass of water (kg)

M total mass removed after a given exposure
time (kg)

P laser beam power at the surface of the
product (W)

0 total heat generation through combustion
Q)

R surface reflectance at 10.6 pm

S cross sectional area of the cut (m?)

T; ignition temperature (°C)

Tm mean temperature of the control volume
°C)

T initial equilibrium temperature of target
O

T, temperature at which vapour formation

starts (°C)

T maximum temperature of the non-
combusted solid fraction (°C)

Ty maximum vapour temperature (°C)

At exposure time to laser radiation (s)

AT temperature gradient (°C)

v travel speed (m/s)

\% control volume (rn3)

Ves volume occupied by the combusted frac-
tion prior to combustion (m>)

Ves volume occupied by the ejected solid frac-
tion (m?)

Vs total volume of the solid phase (m3)

Vw total volume of water (m?)

X moisture content wet basis (decimal)

Ax thickness of the thermally affected area at
the bottom of the control volume

Greek symbols

Op density of potato tissue (kg/m>)
Ps density of solid phase (kg/m?)
Pw density of water (kg/m?)

slabs using CO, laser. This model constitutes an
innovative technique that can be used in a wide range
of vegetable cutting applications. The proposed process
can improve the product quality and shelf life of the
potato slabs. Selection, control and optimisation of
the laser cutting parameters are essential to achieve
a successful process. Any minor variation of these
parameters will deteriorate the surface quality due to
oxidation or cooking of the potato tuber. This non-
contact cutting process has no tool wear and reduces
the chances of contamination and hazardous associated
with ordinary cutters or blades. Moreover, it reduces
microbial load transfer from cutters and eliminates
cutter-sharpening time and cost. Finally, the system
will improve safety and productivity, and potentially
reduces the compensation claims related to workplace
injuries.

2. Laser pealing and cutting of potatoes

A pre-ablation process was observed during laser pro-
cessing of aortic tissue in which the water phase change
was characterised through the development of high
vapour pressure with consequent expansion and disrup-
tion of the cell walls and interstitial spaces of the tissue
(Versdaasdonk et al., 1990). The presence of explosions
in laser processing was first mentioned by Langerholc
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