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SUMMARY. Battery-powered autonomous mowers are designed to reduce the need of
labor for lawn mowing compared with traditional endothermic engine mowers and
at the same time to abate local emissions and noise. The aim of this research was to
compare autonomousmower with traditional rotary mower on a tall fescue (Festuca
arundinacea) lawn under different nitrogen (N) rates. A two-way factor experi-
mental design with three replications was adopted. In the study, four N rates (0, 50,
100, and 150 kg�haL1) and two mowing systems (autonomous mower vs. gasoline-
powered walk-behind rotary mower equipped for mulching) were used. As
expected, N fertilization increased turf quality. At the end of the trial, the
autonomous mower increased turf density (3.2 shoots/cm2) compared with the
rotary mower (2.1 shoots/cm2) and decreased average leaf width (2.1 mm)
compared with the rotary mower (2.7 mm). Increased density and decreased leaf
width with autonomous mowing yielded higher quality turf (7.3) compared with
the rotary mower (6.4) and a lower weed incidence (6% and 9% cover for
autonomous mower and rotary mower, respectively). Disease incidence and
mowing quality were unaffected by the mowing system. The autonomous mower
working timewas set to 10 hours per day (�7.8 hours formowing and 2.2 hours for
recharging) for a surface of 1296 m2. The traditional rotary mower working time
for the same surface was 1.02 hours per week. The estimated primary energy
consumption for autonomous mower was about 4.80 kWh/week compared with
12.60 kWh/week for gasoline-powered rotary mowing. Based on turf quality
aspects and energy consumption, the use of autonomous mowers could be
a promising alternative to traditional mowers.

M
owing is an essential cultural
practice in turfgrass man-
agement removing no more

than one-third of the total leafmaterial
at any one mowing. The ‘‘1/3 rule’’ is
used to avoid scalping and decrease
physiological stress from excessive re-
moval of leaf material (Beard, 1973).
Physiological response to mowing is

both positive and negative. Mowing
removes photosynthetic tissues reduc-
ing the production of carbohydrates,
but the plant responds and compensates
with an increase in shoot density
(Sheffer et al., 1978; Shepard et al.,
1989; Turgeon, 1980). Leaves are con-
sequently produced close to theground,
and in some species, the production of
stolons and rhizomes can increase.

Mowing is based on height and
frequency. A tall fescue lawn is generally
mown once per week at 10-cm
height while sports turfgrasses such
as golf courses fairways are mown
more often (two to three times per
week) at heights as low as 1.5 to 2.0 cm
(Volterrani and Magni, 2004). In
general, ornamental lawns in residen-
tial and nonresidential landscapes
are mown with rotary-type mowers.
Depending on the kind of power
supply, ornamental lawn mowers, or
simply ‘‘lawn mowers,’’ can be di-
vided in two broad categories: elec-
tric mowers and combustion engine
mowers. Electric mowers must be
connected to an electricity supply
(an electric cord or a battery) while
combustion engine mowers must be
supplied with fuels (usually gasoline). In
Italy, the most common mowers are
electric mowers with the cord, for very
small gardens, and combustion engine
mowers. Battery mowers are more in-
novative but not widespread, probably
for higher cost and for the limited
surface generally mowed (up to 500 to
1000 m2).

Autonomous mowers are battery-
powered machines (no need of electric
cord), which perform mowing without
requiring an operator. They can be
programmed by the user to perform
optimal turf maintenance and usually
operate every day. Since autonomous
mowers typically are programmed to
cut every day, the clipping debris is
smaller (few millimeters); therefore, it
is unnoticeable and easily integrates in
the turf to recycle N (Starr andDeRoo,
1981) and other nutrients. Autono-
mous mowers can provide many per-
ceived advantages such as savinghuman
labor; avoiding exposure to dust, aller-
gens, and potential injury from mow-
ing parts; and reducing pollutants
(Hicks and Hall, 2000; Ragonese
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and Marx, 2015). The first autono-
mous mower was launched to the
market during 1995 by a Swedish
company, Husqvarna (Stockholm,
Sweden) (MacRae, 2013).

The first autonomous mower was
powered by solar energy, but currently
all autonomous mowers are powered
bybatteries. Autonomous lawnmowers
are sold mainly in Europe but this
market has potential for other geo-
graphic areas. Autonomous mowers
are mainly employed for home lawns
and industrial green areas but also have
potential for sports turfs (e.g., football
pitches, golf courses). The maximum
working area capacity varies from 400
to 5000 m2 for autonomous mowers
designed for private or industrial green
areas (Honda, 2016;Husqvarna, 2015;
Robomow, 2016). Special autono-
mousmowersmay have a capacity rang-
ing from 5000 to 30,000 m2 (Etesia,
2016; Zucchetti, 2016).

The cutting deck of an autono-
mous mower usually consists of single
or multiple cutting discs with ‘‘razor-
shaped’’ pivoting blades (Honda,
2016; Husqvarna, 2015) or of single
or multiple solid blades with three or
four cutting edges (Robomow, 2016;
Zucchetti, 2016). The autonomous
mowers operate within a boundary
wire (usually shallow buried in the
soil), which creates an electromag-
netic fence (Hicks and Hall, 2000).
Autonomous mowers generally move
randomly following linear trajecto-
ries. In other words, autonomous
mowers follow straight lines until
they find the boundary wire and then
change direction. This kind of pattern
can be very effective for lawn areas
with many obstacles but leads to
mowing overlaps (Ragonese and
Marx, 2015). The most recent auton-
omous mowers designed for large
areas have options of a Global Posi-
tioning System (GPS) for a ‘‘random-
assisted’’ pattern (Husqvarna, 2015)
or a differential GPS for systematic
trajectories (Zucchetti, 2016). All
autonomous mowers automatically
return to the charging station when
their batteries reach a minimum
charge level (Hicks and Hall, 2000).
Some autonomous mowers may be
equipped with one or two extra wires,
or guide wires, which help the auton-
omous mower to pass through nar-
row passages in complex areas and to
reduce the time required to reach the
charging station.

To date, research on autonomous
mowers is limited and has primarily
focused on mowing efficiency and al-
gorithm development, not impact on
turfgrass characteristics. Chang et al.
(2015) developed an autonomous elec-
tric mower and tested it on an outdoor
lawn to evaluate the mowing overlap
and the coverage rate. Lu et al. (2014)
proposed an algorithm for recognizing
uncut lawn to improve the efficiency of
autonomousmowers, reaching a recog-
nition ratio between 80% and 90%. Tang
and Schiehlen (2014) investigated the
motion of a Husqvarna Automower�

autonomous mower, derived the
equation of the motion and discussed
the motion strategy. The autonomous
mower mows the grass forward, along
straight directions. When detects the
boundary or an obstacle brakes, goes
backward and rotates with a random
degree and starts mowing forward
again (Tang and Schiehlen, 2014).

Little is known about turfgrass
quality aspects and relative energy con-
sumption of autonomous mowers
compared with traditional mowers fol-
lowing the ‘‘1/3 rule.’’ The aim of this
research was to compare an autono-
mous mower with traditional rotary
mower on a tall fescue turf fertilized
with different N rates. The trial was
carriedout in order to simulate different
N availability that we can find in lawns
and to determine turf quality, operative
performances, and energy consumption
of the two mowing systems.

Materials and methods
The experimental trial was car-

ried out in San Piero a Grado, Pisa,
Italy (lat. 43�39#N, long. 10�21#E,
elevation 5 m) from Sept. 2014 to
July 2015 on a stand of ‘‘Grande’’ tall
fescue. The grass was seeded on 19
Sept. 2014 at seeding rate of 43 g�m–2

on a soil characterized by the follow-
ing physical–chemical properties:
91% sand, 5% silt, 4% clay, pH 6.5,
1.3 g�kg–1 of organic matter; electrical
conductivity 0.46 dS�m–1.

Before the seeding, fertilizer was
applied with 50 kg�ha–1 N from urea,
22 kg�ha–1 phosphorous from super-
phosphate, and 83 kg�ha–1 potassium
from potassium sulfate.

From November to December,
broadcast fertilization was carried out
for a total of 60 kg�ha–1 N from urea.
Turfgrass was mowed at 4.5 cm until
Apr. 2015. Irrigation was applied
when necessary to avoid wilting.

On 21 Apr. 2015, a two-way
factors experimental design with three
replications was initiated. Factor one
consisted in four levels of N fertiliza-
tion: 0, 50, 100, and 150 kg�ha–1 N
(ammonium sulfate 21N–0P–0K).
Factor two consisted of mowing with
autonomous mower (Automower�

330X) set up for 10 h�d–1 working time
and 7 d per week (Fig. 1) and a gasoline
walk-behind rotary mower (JS63; John
Deere,Moline, IL) once per week (Fig.
2). Mowing height of all mowers was
set at 3.5 cm. The blades of the rotary
mower were sharpened every 3 weeks.
The blades of the autonomous mower
were replaced every 3 weeks.

The Automower� 330X is equip-
ped with a 24-cm-wide cutting disc
with three pivoting interchangeable
blades. Automower� 330X has two
front pivoting wheels and two rear
course treaded driving wheels, three
electric brushless motors, one for the
cutting disc and one for each driving
wheel (Fig. 1). Maximum working
capacity is 3200 m2 for a 24 h�d–1

working time.
In this trial, the size of the whole

experimental area was 2592 m2 sub-
divided in 24 experimental plots of
108 m2 (18 · 6 m).

For a 12-week period from 21
Apr. to 14 July, the following parame-
ters were visually assessed: 1) turf qual-
ity [1 = poor, 9 = excellent, 6 is
considered acceptable (Morris and
Shearman, 2014)], 2) mowing quality
as estimate of cleanliness mowing (1 =
poorest mowing quality, 9 = cleanest
cut, 6 is considered acceptable),
3) disease [1 = completely injury, 9 =
no injury (Morris andShearman,2014)],
and 4) weed groundcover (the percent-
age of ground covered by weeds).

At 12 weeks after treatment
(WAT), a single 50-cm2 core sample
per plot was collected and the follow-
ing parameters were assessed: 1) leaf
width (20 fully expanded leaves per
plot were measured in millimeters
with precision vernier calipers) and
2) shoot density (direct counting of
living shoots with data reported as
shoots per square centimeter).

Statistical analysis of biometric
data was carried out with COSTAT
software (version 6.400; CoHort Soft-
ware, Monterey, CA). All data were
analyzedby two-way analysis of variance,
and an all-pairwise Fisher’s least signifi-
cant difference test at the probability
level of 0.05.
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The operative characteristics of
the two different mowing systems
were assessed during June and July.
Working speed, working time, turn-
ing time, working capacity, power
requirement, electrical energy require-
ment, and gasoline consumption were
assessed. Electrical energy require-
ment was assessed using a power
consumption meter (EL-EPM02HQ;
Nedis,’s-Hertogenbosch, The Nether-
lands). Gasoline consumption was
measured by refueling the fuel tank
after mowing. The tank was fully filled
before and after mowing. The second
refuelling gives the fuel consumption.
Primary energy consumption (energy
contained in raw fuels) of the two
mowing systems was estimated using
the following conversion factors: 9.2
kWh/L of gasoline (Gupta, 2014) and
efficiency of 0.46 for the Italian Na-
tional Electric System (European
Union, 2014). A cost comparison be-
tween the two machines was realized,
referring to the study area. The estima-
tion included fixed costs (purchase cost
as depreciation) and variable costs (fuel
and lubricant consumption for the
ordinary rotarymower, electric energy
consumption for the autonomous

mower, labor for the ordinary rotary
mower, maintenance for both the ma-
chines). The estimatedmachine life was
10 years for both the machines. It was
estimated that at the end of their life,
both machines would have no com-
mercial value. The purchase cost was
3360 euros for the autonomous
mower and 894 euros for the rotary
mower. The gasoline cost was 1.44
euro/h. The labor cost was 25 euros/
h. The total working period per season
was considered 210 d.

Results
There was no significant inter-

action between N fertilization and
mowing system for any of the studied
parameters. For most of the parame-
ters, main effects of N fertilization
and mowing system were statistically
significant (P < 0.05). Thus, main
effects of N fertilization and mowing
system will be presented in this work.
As expected, 7 WAT, N fertilization
improved turf quality values (>6.2)
compared with control [5.2 (no N
fertilization)] (Table 1). Mowing
quality was also improved by N fertil-
ization, although mowing quality of
control was acceptable. Weed cover
percentage and disease incidence were
unaffected by N fertilization.

At 7 WAT, differences in param-
eters measured between the twomow-
ing treatments were observed. Turf
quality resulted higher for autono-
mous mowing (7.0) compared with
rotary mowing (6.5) (Table 2). Au-
tonomous mowing also had lower
weed cover (4%) compared with rotary
mowing (7%). Weeds found were
field chamomile [Anthemis arvensis
(95%)], johnson grass [Sorghum
halepense (3%)], scarlet pimpernel
[Anagallis arvensis (1%)], and

annual bluegrass [Poa annua (1%)].
Disease incidence was unaffected by
the two different mowing systems.

At 12 WAT, as expected, N fertil-
ization increased turf quality values
with respect to control that showed
a low and unacceptable value of turf
quality (4.8) (Table 1). N fertilization
also improvedmowing quality (average
of 8.2), although without N fertiliza-
tion mowing quality was acceptable
(7.2). An interesting effect of N fertil-
ization was the lower weed cover per-
centage (average 5.0%) with respect to
control (14%). Disease incidence was
affected by N fertilization, although
differences were significant only be-
tween control (7.5) and N-fertilized
plots (average 8.4). At 12 WAT, N
fertilization affected turf density with
significant differences between con-
trol (2.2 shoot/cm2) and 150 kg�ha–1
N (3.2 shoot/cm2) (Table 1). At the
same time, leaf width was not im-
pacted by N fertilization.

At 12 WAT, shoot density was
significantly increased by autonomous
mower (3.2 shoots/cm2) compared
with rotary mower (2.1 shoots/cm2)
(Table 2). Leaf width was finer for the
autonomous mower (2.1 mm) com-
pared with the rotarymower (2.7mm).
Turf quality resulted higher for auton-
omous mower (7.3) compared with
rotary mower (6.4). Weed incidence
resulted lower for autonomousmower
compared with rotary mower (6% and
9%, respectively). Disease incidence
and mowing quality were unaffected
by the mowing system.

OPERATIVE CHARACTERISTICS OF

THE MOWING SYSTEMS. The operative
characteristics of the autonomous
mower and of the rotary mower are
shown in Table 3. Autonomous
mower operational time was set at
10 h�d–1, including mowing time
and charging time. Overall mowing
time was 7.8 h, including 1.18 h of
turning time (time spent to change
direction). However, the autonomous
mower does not stop mowing while
turning. Actual daily mowing time,
excluding turns, was 6.62 h. Average
working speed was 1.6 km�h–1

and working width was 24 cm. The
electric energy consumption was
2.21 kWh per week, corresponding
to 4.80 kWh of primary energy—
the energy from primary sources
which is transformed to electric
energy—considering the efficiency of the
Italian National Electric System equal

Fig. 1. (A) Autonomous mower (Automower� 330X; Husqvarna, Stockholm,
Sweden) and (B) cutting disc.

Fig. 2. Walk-behind rotary mower
(JS63; John Deere, Moline, IL).
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to 0.46 to 1 kWh of primary energy
gives 0.46 kWh of electric energy
(European Union, 2014). The elec-
tric energy consumption was mainly
due to mowing (power required
about 30W). The power requirement
for the boundary/guide wire was
86.4 Wh/d.

The gasoline walk behind mulch-
ingmower,which cut the grass once per
week, covered the same area in 1.02 h,
with an average working speed of
3 km�h–1 and aworkingwidth of 53 cm.
Turning time did not considerably af-
fect the total operative time (only 0.06
h/week). The maximum engine power
was 5 kW. Gasoline consumption was

about 1.36 L/week, and the total
primary energy was 12.60 kWh, assum-
ing the heating value of the gasoline
equal to 9.2 kWh/L (Table 3).

Comparing the two mowing sys-
tems from an operative point of view,
the autonomous mower cuts everyday
and needs 10 h�d–1 to autonomously
manage the experimental plots (mow-
ing plus charging). The walk behind
gasoline rotary mower cuts once per
week and needs 1.02 h to cut the
experimental plot but requires human
labor. Despite the higher working
time required, the autonomousmower
showed a lower energetic consump-
tion, 4.80 vs. 12.60 kWh/week.

Concerning costs, the estimated
value is lower for the autonomous
mower with respect to the ordinary
rotary mower if considering the Ital-
ian ordinary labor cost (19.36 vs.
32.22 euros/week) (Table 3).

Discussion
In this trial, average turf height

was lower where autonomous
mower was employed because turf-
grass was mowed everyday while
rotary mower operated only once
per week. The lower average turf
height may have improved shoot
density, turf quality, and reduced
leaf width.

Table 1. Nitrogen fertilization effect on tall fescue turf quality (1 = poor, 9 = excellent), mowing quality (1 = poorest mowing
quality, 9 = cleanest cut), weed cover, and disease (1 = completely injury, 9 = no injury) after 7 and 12 weeks of treatment. At
12 weeks after treatment shoot density and leaf width are also indicated.

7 weeks after treatment

Nitrogen fertilization
(kg�haL1)z

Turf quality
(1–9 scale)

Mowing quality
(1–9 scale) Weed cover (%)

Disease
(1–9 scale)

0 5.2 7.3 6 9
50 6.2 8.0 6 9

100 7.4 8.2 6 9
150 7.8 8.2 5 9
LSD 0.05y 0.4 0.4 NS NS

12 weeks after treatment

Nitrogen fertilization
(kg�haL1)

Turf quality
(1–9 scale)

Mowing quality
(1–9 scale) Weed cover (%)

Disease
(1–9 scale)

Shoot density
(no./cm2)z

Leaf width
(mm)z

0 4.8 7.2 14 7.5 2.2 2.3
50 6.8 7.9 6 8.2 2.6 2.5

100 7.7 8.3 5 8.3 2.6 2.4
150 8.3 8.3 4 8.7 3.2 2.4
LSD 0.05y 0.3 0.3 2 0.6 0.7 NS

LSD = least significant difference; NS = nonsignificant.
z1 kg�ha–1 = 0.8922 lb/acre, 1 shoot/cm2 = 6.4516 shoots/inch2, 1 mm = 0.0394 inch.
yFisher’s LSD test at the 0.05 level.

Table 2. Mowing system treatment effects on tall fescue turf quality (1 = poor, 9 = excellent), mowing quality (1 = poorest
mowing quality, 9 = cleanest cut), weed cover, and disease (1 = completely injury, 9 = no injury) after 7 and 12 weeks of
treatment. At 12 weeks after treatment shoot density and leaf width are also indicated.

7 weeks after treatment

Mowing system
Turf quality
(1–9 scale)

Mowing quality
(1–9 scale) Weed cover (%)

Disease
(1–9 scale)

Rotary mower 6.5 7.8 7 9
Autonomous mower 7.0 8.0 4 9
LSD 0.05y 0.3 NS 1 NS

12 weeks after treatment

Mowing system
Turf quality
(1–9 scale)

Mowing quality
(1–9 scale) Weed cover (%)

Disease
(1–9 scale)

Shoot density
(no./cm2)z

Leaf width
(mm)z

Rotary mower 6.4 7.8 9 8.0 2.1 2.7
Autonomous mower 7.3 8.0 6 8.4 3.2 2.1
LSD 0.05y 0.2 NS 2 NS 0.5 0.3

LSD = least significant difference; NS = nonsignificant.
z1 shoot/cm2 = 6.4516 shoots/inch2, 1 mm = 0.0394 inch.
yFisher’s LSD test at the 0.05 level.
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Previous research carried out on
tall fescue tolerance to mowing (Grossi
et al., 2004), ranging from1.0 to2.5 cm,
showed that 1.0-cm mowing height
reduced leaf width (mean leaf width
2.0 mm), increased highest density
(4.4 shoots/cm2), and enhanced
turf quality compared with higher
heights.

The lower power requirement
of the autonomous mower could
be mainly due to the lower power
needed for mowing (the maximum
power requirement of the machine is
only 40 W) as the turfgrass is daily
mowed and the machine only cuts
small clippings. The overall efficiency
of the autonomous mower is higher
than the efficiency of the gasoline
mower. The electric brushless motors
have an efficiency of about 90% and
the Italian National Electric System
has an efficiency of 0.46 with an
overall efficiency of about 0.40. The
overall efficiency of a small gasoline
engine ranges from 0.20 to 0.25 and
uses primary energy. The electric con-
sumption of the autonomous mower
is 2.21 kWh/week, which results in
less than 0.5 euro/week (the Italian
average cost of the electric energy is
about 0.20 euro/kWh). However the
price of the autonomous mower is
higher than the price of an ordinary
gasolinemower (it usually ranges from
2000 to 3000 euros depending on turf
dimension and autonomous mower
model, vs. 700–800 euros for a stan-
dard walk behind rotary mower). The
autonomous mower does not require

labor time and the total number of
operating hours expected for an au-
tonomous mower is much higher than
the number of operating hours of
a rotary mower. Moreover the two
different mowing systems are not
equal from a turf quality point of view.
Cutting frequently leads to a better
turf quality, so this effect probably
could not be due only to the autono-
mous robot itself but also to the
combined effect of autonomous robot
and high mowing frequency.

Conclusion
As expected, N fertilization in-

creased turf quality, shoot density,
and mowing quality with respect to
nonfertilized control plots. After 12
weeks, daily autonomous mowing
increased turf density compared with
rotary mower across all N rates. Leaf
width was finer for autonomous
mower compared with rotary mower.
Turf quality was higher for autono-
mous mower compared with rotary
mower.Weed incidencewas lowerwhere
autonomous mower was employed.
Based on turf quality aspects and energy
consumption, the use of the autono-
mous mower could be a promising al-
ternative to traditional human operated
combustion mowers. The use of the
automatic mower could be differently
appreciated depending on the tradition
of the country. In Italy, for example,
mowing the grass is generally considered
a weekend nuisance, whereas in other
countries, like the United States, the
lawn care is often a pleasant exercise.

However, automatic mowers can always
be a good solution for people who do
not have enough time or have physical
disadvantages (disabled people or very
old people). Further research is needed
to test the effects of autonomous mow-
ingonweed control andonwarm season
turfgrasses, which has peculiar mowing
requirements.
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