Forklift Driving Performance of Novices with Repeated VR-Based Training
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Abstract

Virtual reality (VR) has emerged as a promising tool for training novice forklift drivers, but temporal patterns of
such improvements are largely unknown. We trained 19 novice participants using an order-picker VR simulator on a
selected driving lesson. In two sessions, participant driving performance was assessed using task completion time and
kinematics of the head, shoulder, and lumbar spine via inertial measurement units (IMUs). Completion time and head
flexion/movement decreased significantly (up to 22.4% and 31.5%, respectively). The observed changes in head
motion (flexion/extension) indicate an initial adjustment period to prepare a mental model of the driving task and the
control panel, which was also adapted over repeated trials. One implication of our results is that reduced head
flexion/extension could be used as an indication of a novice driver’s improved skill during the early stages of training,

in terms of familiarizing themselves with vehicle control and the vehicle control panel.
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Forklift trucks are crucial in warehouse and distribution
center operations (Vanheusden et al., 2020). Driving a
forklift truck requires excellent hand-eye coordination and
attention (Chande & Bandamwar, 2021), necessitating
extensive training and practice. However, there is a national
shortage of forklift drivers, posing operational challenges in
various industries (Loske & Klumpp, 2021). Traditional
training methods are limited by the need for a dedicated
space and real forklift trucks (Herrera et al., 2018), which
can lead to damage and accidents caused by inexperienced
trainee drivers (Yuen et al., 2010). Virtual reality (VR)-
based training is considered a cost-effective and space-
saving alternative (Abbas et al., 2023; Villiers & Blignaut,
2016).

In this study, we evaluated the performance of novice
drivers during repeated forklift training sessions using a
VR-based simulator. We measured completion time and
analyzed the kinematics of specific body parts. In this
preliminary analysis, we explore the potential of kinematic
metrics in assessing driving skills.cognitive workload. A
secondary aim of the study was to investigate the effects of
repeated training sessions on subjective and objective
measurement of cognitive workload.

Nineteen participants (5 female, 14 male) with a mean
(SD) age of 23.7 (5.1) years and valid driving licenses were
included in this study. Two participants had less than one
month of forklift driving experience, while the others had no
experience. The study consisted of two sessions, scheduled
within five days of each other. Each session involved a 10-
minute training activity and two trials of a selected driving
lesson. A high-fidelity VR-based forklift simulator (The
Raymond Corporation, USA) was utilized for training,
equipped with physical buttons and controls, a VR
environment with various lessons, and a Vive Pro Eye
headset with a Leap Motion controller. Upper body
kinematics, including the head, torso, and left arm, were
measured using five IMU sensors (MTw Awinda, Xsens,

Netherlands). The Xsens system was calibrated for each
participant before data collection.

Trial completion time was recorded by annotating the
start and end times using Elan software (v6.2; Wittenburg et
al., 2006). Start time was marked when participants secured
their safety harnesses, and the end time was marked when
they parked the vehicle in a designated area. IMU data were
low-pass filtered using a second-order, zero-lag,
Butterworth filter with a cut-off frequency of 5 Hz. Head
rotation (axial), head flexion/extension, left shoulder
rotation (internal/external), and lumbar rotation (axial) were
calculated from the filtered IMU data. Standard deviations
(SD) were used to measure motion variability, while peak
(95th percentile) range of motion (ROM) represented
movement magnitude in each trial.

Separate one-way, repeated measures analyses of
variance (ANOV As) were used to examine changes over the
trials in each of the five dependent variables. Initial analyses
with day as a blocking effect indicated no significant
effects. Hence we proceeded with a reduced model.
Bonferroni adjusted, paired-sample #-tests were used for
post-hoc paired comparisons. Statistical analyses were
performed using R v4.1.1 (R Core Team, 2019), and
significance was determined when p <.05.

Completion time significantly decreased across trials [F
(3,72) = 14.4, p < .001]. Completion times decreased
significantly between each trial: 152" (p <.001), 1%-3 (p
<.001), 154" (»p <.001), 274" (»p < .001), and 374" (p =
.003) trials. Completion times in 2" and 3™ trials were not
significantly different (p = 1.0).

Trial had a significant main effect on head
flexion/extension SD but not peak ROM. Head
flexion/extension variability was significantly lower in the
4™ trial compared to the 1% [¢ (1,18) = 4.32, p =.002] and 3™
trials [# (1,18) = 4.02, p = .005]. SD and ROM values for
head rotation, left shoulder rotation, and lumbar rotation
were not significantly different between trials.



In this study, we investigated the performance of novice
order-picker truck drivers in a virtual simulator during four
trials and over two days while the same driving lesson.
Repeated trials in the VR training resulted in a significant
decrease in completion time, indicating improved
performance. Faster task completion is associated with
enhanced productivity in forklift operations (Sarupuri et al.,
2016), a crucial aspect of warehouse functioning. However,
our study design limited the determination of the specific
training duration required to reach a performance plateau or
expertise level. Further research is needed to establish the
necessary training duration for novices to achieve a stable
expertise level.

Motion variability in head flexion/extension changed
across the trials. In the 4™ trial, SD values were significantly
lower compared to the 1% and 3™ trials, indicating reduced
variability by 32% and 30%, respectively. While ROM did
not show significant differences, the 4" trial exhibited lower
ROM values (reductions of 46.1%, 38.7%, and 43.9%
compared to the 1%, 2", and 3™ trials, respectively). This
reduction suggests that as participants became more familiar
with the lesson and environment, they required less head
movement to observe their surroundings and the control
panel. No significant differences were observed in head
rotation, likely due to the task simplicity, which only
required participants following a predefined path with turns.
Using more complex tasks involving fork maneuvering or
reverse driving may yield greater head rotation variability
especially in the 1st trial. Additionally, there were no
significant differences in the left shoulder or lumbar
rotation, potentially due to the specific lesson requirements.

Our study focused on the basic maneuvering task of an
order picker truck with novice participants, mainly college
students. Therefore, the results may not be representative of
the broader forklift driver population in terms of age,
gender, and prior job experiences. Future research should
consider including a more diverse sample. Additionally,
investigating the transfer of learning to real driving
environments is crucial to assess the effectiveness of VR
training for novice drivers.
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