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Abstract. Due to the increasing development of automation in passenger vehicles, the demand of
analyzing Human Factors & Ergonomics (HFE) influence has become mandatory for the global
automotive industry. Regarding manual transmission gearshift quality perception, few studies are
available in published literature today applying HFE-based methodologies to predict driver perception
and satisfaction with a given manual gearshift system. On the other hand, due to the inherent
complexity in analyzing and selecting all human variables that affect driver’s interaction with the
vehicle and correlate against objective data of the system, such human-based methodologies have
been neglected until now by the technical community. This article challenges the status quo which
considers only objective variables and focusing on two HFE categories, Anthropometric and
Demographic, and applies statistical methods with factor analysis to understand the relevance of each
HFE variable before proposing a linear regression model and an artificial neural network (ANN) to
correlate to real user’s perception. Considering the proposed approaches, the predicted ratings
showed a clear higher weight adding the HFE variables, enhancing the current available objectivebased methods. This clear improvement leads to a better understanding of how transmission systems
changes may affect different populations and/or type of costumers’ satisfaction, supporting future
Human-Vehicle Interface (HVI) researches.
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Introduction
Recently, with the continuously increase in quality requirements imposed by global car market,
gearshift quality perception for manual transmissions increased in importance, mainly due to its high
linkage to driver’s somatic sensory system. However, on the other side of the equation, first
interactions with a new gearshift system and its integration happen in a very advanced (and late)
phase of the vehicle development, when any required design change is extremely long and
expensive.
On the other hand, to perform such analysis in the early stages of the full vehicle development
process, definitely, is a very complex task [1,2,3,4,6,7,8,10,14,17,18,19,20]. This complexity is due to
that gearshift quality perception is affected by several variables like scratch during engagement
phase, effort, harshness and precision, with great interaction with the anthropometry and driver’s
expectations and driving style, being difficult to predict with existing models based just on objective
variables (e.g. efforts, impulses, times, etc.). However, few studies considering some superficial HFE
considerations to define its relationship with the objective variables during the process of
gearshifting are available.
It is possible to find in the available literature several definitions about gearshift quality, but
definetely all articles found lead to a very “wide” definition and has “evolved” in the last years
mainly due to the more demanding market requirements [3,4,6,7,8,10,14,17,18,19,20]. And, since
the pioneer study performed by M’Ewen [11] until most recent works, like the ones presented by
Szadkowski [20] and Szadkowski and McNerney [21], the main concern was in the analysis of the
influence of the maximum effort demanded to shift gears.
Applying this definition to the vehicle interface, the interaction between driver and vehicle is very
wide and cannot be limited in studying only his/her contact with the gearshift lever inside the
passenger compartment. However, take into consideration all interactions the drive may suffer
while driving would demand a huge amount of time and more detailed and specific studies [6,7,8].
Exactly as cited by Robinette [17], reachability analysis is performed through a set of in-vehicle
anthropometric studies, and must be the very first activity when designing the interior of a given
vehicle [3,4]. In the available literature [9,10,12,17], all reachability analyses done in a vehicle just
guarantee that, statically, a population of drivers is able to reach and operate its controls with
comfort and without facing any difficulty. However, these sort of analyses do not consider the loads
that, as for example, the gearshift system transfers to driver’s hand during a gear change.
Loads analyses are studied measuring the forces behavior in the lever knob during the entire
gearshift, covering both selection and engagement phases [1,2,6,7,8]. After running these
measurements, the gearshift engineer decides if a change is necessary to improve quality, without
considering any HFE aspect.
About HFE, Proctor and Proctor [13] mention that one proved way to transmit complex information
to a human being is using the vibration perception thru tactile sense. This perception may vary with
frequency and amplitude of the vibration, additionally to the size of the contact area of the object
that vibrates. Riemann and Lephart’s [15,16] publications clearly explain the complexity of stabilizing
a human body joint and how proprioception is directly linked to motor control action.
In one of the HFE-based studies, Barbosa [2] added partially the human contribution adding
reachability to the equation. Meanwhile, in a research published by Hannemann [6], a non-linear
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model is proposed taking into account just objective variables to predict a human rating for shift
quality, therefore could remove the inherent HFE variability of a given population.
On the other side of the field, the researches published by Duque and Aquino Jr. [3,4] showed clearly
that HFE aspects have high contribution in ratings given by users about the gearshift quality
perception, showing that the existing prediction objective-variable-based models are outdated.
Nishikawa et al [12] presented the importance of adding HFE variables to define steering wheel
characteristics during the design phase.
This research starts with Materials and Methods providing an overall background about the
automotive manual transmission and the related shifting mechanisms. But, once the main objective
of this article is not to explain to the readers in details the shifting forces fundamentals during a
gearshift, an overview will be given, being the available literature[1,2,3,6,7,8,10,11,18,19,20,21]
recommended to who seeks more detailed learning in this area.
Two HFE categories, Anthropometric and Demographic, applying statistical methods with factor
analysis, were selected to understand the relevance of each HFE variable before comparing a linear
regression model and an artificial neural network (ANN) to correlate to real user’s perception.
The Results section summarizes the statistical analysis and the outputs from the linear model and
the ANN, present results comparison which will be discussed in Discussion portion.
Considering the proposed approach, the predicted ratings showed a clear higher weight to the HFE
variables, enhancing the current available linear methods. This clear improvement leads to a better
understanding of how transmission systems changes may affect different populations and/or type of
costumers’ satisfaction, also supporting future Human-Vehicle Interface (HVI) researches.

Methods
Manual Gearshift Forces
Power matching is one of the main functions of an automotive manual transmission, being fully
dependent of driver’s action. Hence, the so called gearshift system, covering since the shift lever
inside the vehicle compartment up to the synchronization system of the base transmission, is a
major player in terms of perception, as one of the vehicle-to-driver main interfaces.
From the available literature [3,4,6,7], the gearshift system can be divided in:

•

•

Internal: forks, sleeves, synchronizers, struts, selection bars, etc.;
External: cables, rod, compensation device and shift lever.

Figure 1 presents the internal elements regarding the synchronization system, which is responsible
for synchronizing the speed difference of input and output shafts of the transmission. Further
detailing about the full synchronization process and its dynamics (forces and displacements) can be
found by the reader in the already existing published literature, like in [3,4,6,7].
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Figure 1 – Triple cone synchronization system representation.
Source: Authors.

However, the main takeaway is that the forces and displacements generated during all
synchronization phases are transferred to the lever knob through the linkage system (cables or rod),
as shown in Figure 2, and need to be overcome by the driver in each gearshift. Being that, these
forces are dependent of the current engaged gear and the desired gear aimed to shift to, how
fast/slow the driver shifts (sporty or economy) and to the vehicle and engine speeds. And, while
third and fourth gears demand only engagement force during a gearshift, all other gears face efforts
to select and engage (see details in Figure 2).

Figure 2 – Cable gearshift system.
Source: Authors.

In a regular transmission program development, several shifting conditions are tested to check the
gearshift quality. However, in this research, the entire movement from the disengagement from a
current gear to full engagement to a new gear is the action considered.

Article_CTI2021_Berlin_ELD_SD_rev5.docx

5
Subjects
The test protocol presented in this research is part of the approved report submitted to the Brazilian
Research Ethics Committee under form CAAE 52879516.5.0000.5625.
In this experiment 24 volunteers, being 13 males and 11 females, reportedly healthy and without
any illness and/or injuries in their upper and lower limbs, were selected as test subjects. After their
agreement to the signed informed consent, their respective anthropometric characteristics were
measured and answered to a brief questionnaire about personal data, being both used as input
variables into the proposed models.

Experiment
A C-segment notchback vehicle, powered by a 4-cylinder E100 (Ethanol) Flex engine and fitted with
an all-synchronized manual transmission with six forward gears and one reverse, was selected to run
this experiment.
After a quick acclimation to the vehicle basic adjustments and interfaces, the volunteer starts the
engine and drives the vehicle in a well-known circuit shifting gears following a fixed vehicle speed
profile, as

Table 1 – Vehicle speed per shift.

Shift

Speed

Neutral – 1st

0 km/h

1st – 2nd

30 km/h

2nd – 3rd

40 km/h

3rd – 4th

50 km/h

4th – 5th

50 km/h

5th – 4th

50 km/h

4th – 3rd

40 km/h

3rd – 2nd

40 km/h

2nd – 1st

20 km/h

Neutral – Reverse

0 km/h

Source: Authors.

For each complete shift trial, the volunteer shifted gears according to Table 1 and gave his/her
subjective evaluation per shift following ATZ rating scale presented in Figure 3.
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Figure 3 – ATZ rating scale.
Source: Hau [10], p.40.

Objective and HFE Variables
The objective and HFE (demographic and anthropometric) variables chosen to start this research are
in Table 2, selected in order to provide a broad analysis and respective weight to explain human
quality perception. The references used to obtain the Anthropometric variables can be seen in
Appendix A.
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Table 2 – Objective, anthropomentric and demographic variables.

Objective

Anthropometric

Demographic

Selection Force (N)

Height (m)

Gender (-)

Engagement Force (N)

Weight (kg)

Age (year)

Total Force (N)

Hip (mm)

License Experience (year)

Synchronization Integral
(Nm.s)

Hip – “H” Point (mm)

City, Highway or
Balanced? (-)

DBR (-)

Heel – “H” Point (mm)

How many times per
week? (-)

DBR Integral (Nm.s)

“H” Point –
Acromioclavicular Joint
(mm)

Car Type (-)

Efficiency Maximum (-)

Ratio Body / Legs (-)

Manual or Automatic (-)

Efficiency Minimum (-)

Hip – Incisura Jugularis
(mm)

Car Value (R$)

Efficiency Medium (-)

Shoulder – Elbow (mm)

Efficiency Median (-)

Elbow – Hand (mm)
Hand (mm)
Shoulder – Shoulder
(mm)

Source: Authors.

Proposed Prediction Linear Model and ANN
Proposed Prediction Linear Model
This study proposes the linear model presented by Eq.(1).

𝑛𝑛

𝐻𝐻𝐻𝐻 = 𝛽𝛽̂0 + � 𝛽𝛽̂𝑖𝑖 . 𝑋𝑋𝑖𝑖 + 𝑒𝑒

(1)

𝑖𝑖=1

Where, 𝐻𝐻𝐻𝐻 is the human rating, 𝛽𝛽̂0 is the intercept and the 𝛽𝛽̂𝑖𝑖 are the linear estimators from the
regression, and 𝑋𝑋𝑖𝑖 represents the input variables selected after running the factor analysis, and 𝑒𝑒 is
the error of the linear regression.
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For the calculation of the all 𝛽𝛽̂ estimators from Eq.(1), it was used the statistical software SPSS® v19.
Considering a 95% confidence interval, the software provided also the respective p-values of all 𝛽𝛽̂
2

estimators, additionally to 𝑅𝑅 2 , 𝑅𝑅 (a.k.a. adjusted 𝑅𝑅 2 ) and 𝐹𝐹 factor as its regular outputs.
ANN Architecture

The proposed ANN architecture is a feed forward multi-layer perceptron (MLP) with two layers and
was implemented with Python 3.7. The chosen activation function was hyperbolic tangent for both
layers and argmax to obtain the output values to calculate the errors and the gradient descent per
shift to train the net. Figure 4 shows the proposed ANN architecture.

Figure 4 – Initial proposed ANN architecture.
Source: Authors.

The number of neurons of the hidden layer will be defined after running the dimensionality
reduction in the next sections. Meanwhile, the output layer was already set with a total of six, due to
the fact that all ratings given by the volunteers during the in-vehicle evaluation were within the
range from 6 up to 10.

Results
After executing the protocol with all volunteers, a total of 381 shifts were recorded. This dataset was
then considered in the factor analysis to understand the relevance of each variable before running
the linear regression analysis and to train/test the ANN.
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As a first step, a loop using the proposed linear model from Eq.(1) was run with SPSS® to check an
initial correlation of the volunteer’s ratings considering all variables from Table 2. After 11 loops, the
2

backward elimination method resulted in a model with 𝑅𝑅 of 0.459, but with the calculated variance
inflation factors (VIF) higher than 10 means high multicollinearity between the remaining variables
[5], see Appendix B. This means that these estimators are not reliable, statistically-wise, cannot be
used to infer in bigger and/or different populations, failing to achieve its primary objective.

Dimensionality Reduction
Once identified a high collinearity between the studied variables from Table 2, an alternative is to
perform a factor analysis to guide a dimensionality reduction of the input variables in the proposed
model from Eq.(1). Confirming its applicability to the proposed variables, calculated KMO test and
Bartlett’s test of sphericity resulted in values above 0.5 and significance close to zero (much smaller
than 0.05), respectively [5].
Principal components analysis (PCA) was used as extraction method and Varimax with Kaizer
normalization process calculated the rotated component matrixes for Objective, Anthropometric
and Demographic variables, see Appendix C.
Grouping the variables with loading factors close to 0.7 [5], the initially proposed set from Table 2
was reduced from 30 to 20 variables, as seen in Table 3.

Table 3 – Reduced variables set.

Objective

Anthropometric

Demographic

Selection Force (N)

Height (m)

Gender (-)

Engagement Force (N)

Weight (kg)

Age (year)

Synchronization Integral
(Nm.s)

Heel – “H” Point (mm)

License Experience (year)

DBR (-)

“H” Point –
Acromioclavicular Joint
(mm)

Manual or Automatic (-)

DBR Integral (Nm.s)

Ratio Body / Legs (-)

Car Value (R$)

Efficiency Medium (-)

Shoulder – Elbow (mm)
Elbow – Hand (mm)
Hand (mm)
Shoulder – Shoulder
(mm)

Source: Authors.
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Linear Model Results
Results from linear regressions with SPSS® using the backward elimination method are presented in
2

Table 4 and contains the calculated 𝑅𝑅 and the remaining variables with statistical relevance
(p>0.05) and VIF below value of 10.

Accuracy score, mean squared error (MSE) and main absolute error (MAE) were also calculated in
order to better compare the proposed models.

Table 4 – Results summary table – linear regressions.

Objective+Anthropometric+Demographic

Objective

Synchronization Integral (Nm.s)
-

Height (m)

-

Weight (kg)

-

Ratio Body / Legs (-)

-

Shoulder – Elbow (mm)

-

Shoulder – Shoulder (mm)

-

Hand (mm)

-

Age (year)

-

License Experience (year)

0.115

0.392

Accuracy Score

0.390

0.502

MSE

1.162

0.796

MAE

0.769

0.586

𝑅𝑅

2

Source: Authors.

In summary, it was possible to see that although the HFE-based-linear model still does not show a
2

satisfying 𝑅𝑅 of 0.392, the results from all chosen metrics are much superior to the model fitted with
just objective variables. Another point to note is the fact that the backward elimination method
reduce the number of total objective variables from six to just one, limiting its usage and
applicability.

ANN Results
The MLP was trained using all shifts and, in order to have a baseline for a fair comparison, the very
same resulting nine HFE and objective variables from the elimination method from SPSS® (see
summary Table 4).
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Figure 4 – Proposed ANN final configuration.
Source: Authors.

Considering the available sample size, a 10-fold cross validation was used to train the network with a
learning rate of 0.01 and 2000 epochs. Final ANN architecture is seen in Figure 4 and Table 5 are the
results for all metrics after network training.

Article_CTI2021_Berlin_ELD_SD_rev5.docx

12
Table 5 – Results summary table – linear regressions and ANN.

ANN

Linear Regression
Objective

Objective+Anthropometric+Demographic
Synchronization Integral (Nm.s)

-

Height (m)

-

Weight (kg)

-

Ratio Body / Legs (-)

-

Shoulder – Elbow (mm)

-

Shoulder – Shoulder (mm)

-

Hand (mm)

-

Age (year)

-

License Experience (year)

0.115

0.392

0.429

Accuracy Score

0.390

0.502

0.599

MSE

1.162

0.796

0.657

MAE

0.769

0.586

0.479

𝑅𝑅

2

Source: Authors.

Discussion
The first outcome observed in Table 5 are the better results provided by the proposed HFE-models in
this research against any model from the available literature in this area, showing an interesting step
forward in terms of correlation and statistical relevance.
The initial variable set had a total of 30 variables covering all analyzed dimensions: Objective,
Anthropometric and Demographic. However, several variables of each dimension presented high
collinearity, leading to models with no statistical relevance and not allowing to be used to predict
𝐻𝐻𝐻𝐻 for different/big populations.

Once confirmed that factor analysis could be applied, varibles with the highest loading factors were
selected reducing model dimensionality to 20 variables. After running the linear regression with
backward elimination method a 9-variable-model with acceptable collinearity (VIF<10) was
obtained. The resulting linear model provided an important takeaway that was the fact the
standardized 𝛽𝛽 estimators of almost all HFE variables show higher values which means a higher
weight to these ones when explaining the independent variable 𝐻𝐻𝐻𝐻 than the last remaining
objective one, Synchronization Integral (see Appendix D).
2

The ANN was the best model compared to both linear-regressed models with higher 𝑅𝑅 , accuracy
score, MSE and MAE, adding a welcome non-linearity to better explain 𝐻𝐻𝐻𝐻. However, even being
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higher, all were just acceptable values and could be used just as a reference with this level of
development.
Said that, although all proposed HFE-based models showed better accuracy than the linear models
filled only with objective variables, the still low values clearly demonstrate that human quality
perception about manual gearshifting requires further studies to define additional variables and/or
dimensions to fully explain 𝐻𝐻𝐻𝐻.

Also valid to mention that the proposed evaluation protocol can be applied to several in-vehicle subsystems which have direct interface with the driver, like clutch and accelerator pedals, providing an
improved overall understanding of the usability and perception for the customer.
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Appendix
Appendix A – Anthropometric measurements

Height

Hip

Hip to "H" Point

Heel to "H" Point

"H" Point to
Acromioclavicular Joint

Hip to Incisura Jugularis

Acromioclavicular Joint to
Elbow

Elbow to Hand

Hand

Shoulder to Shoulder

Source: Author “adapted from” Innerbody, 2017.

Article_CTI2021_Berlin_ELD_SD_rev5.docx

16
Appendix B – First linear regression outputs – all variables

Source: Author.

Appendix C – Load factors rotated matrixes.

a.) Objective

b.) Demographic

Source: Author.
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Appendix D – Final linear regression model outputs – all variables

Source: Author.
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