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Abstract  

When designing the interior of automated cars, it is necessary to take the non-driving related tasks and the 

take-over maneuver into account. These take-overs are critical moments since the driver needs to take back 

control of the vehicle as fast as possible. To facilitate this, interior designers need to design the cabin with 

enough space to carry out this movement. This paper presents a revised modelling approach using mixed 

linear effects models to predict the grasping movement of the hand during take-over scenarios. A study 

with 52 participants doing grasping movements was carried out to model the data obtained via motion 

capture. The participants were instructed to carry out movements from predefined grasping elements 

mounted in front of them. The trajectory of the hand was recorded using a marker-based motion capturing 

system. It is observed that the trajectories can be assumed as a two-dimensional phenomenon, since they 

seem to lie on one plane. Thus, the trajectories were modeled as a 1+2-dimensional problem. A one-

dimensional model for the plane and a second two-dimensional model for the trajectory.  The model of 

grasping trajectory described in this paper was modeled using 4th degree polynomials. In older approaches, 

the trajectory was modeled in four different models for each constant of the polynomial. In this paper a new 

modeling approach is used to merge the polynomial into one model. This increased the R²m and R²c 

drastically and led to three major discoveries on the nature of human grasping movements: Task factors, 

such as grasping handle and handle position, play the major role in the grasping trajectory. Body height 

plays a role in the modelling of hand trajectories. Gender, age, and dominant hand show only negligible 

influence on the trajectory. Other individual human factors not evaluated in this study do not seem to heavily 

influence the hand movement.  

Keywords: Mixed Linear Effects Models, Automated Driving, Take-Over, Grasping. 

Introduction 

Automated driving seeks to revolutionize the way people travel by car. With increasing automation levels, 

the driver becomes a passenger and is able to carry out non-driving related activities. When the automation 

reaches its limit, the driver needs to again take-over the driving task again. Non-driving related activities 



7th International Digital Human Modeling Symposium (DHM 2022) 

2 

and the take-over are new scenarios for tools used in the design of the cars (Albers et al., 2021). Digital 

human models are no exception to this. Current models used for vehicle design focus on ingress/egress 

(Björkenstam et al., 2020; Lu et al., 2013; Reed et al., 2010; Robert et al., 2013) , sight (Marshall et al., 

2020; Remlinger & Bengler, 2016) or the driving task (Bubb et al., 2006; Bubb et al., 2021; Reed et al., 

2006). To predict the take-over, a method is needed for predicting directed grasping movements. There are 

different approaches to simulate such a motion. Fritzsche et al. (2011) and Brauns (2017) use a set of motion 

captured movements that are manipulated according to the user defined tasks. Obentheuer (2020) uses 

biomechanical simulation with optimized muscle activity control to generate a forward kinematic.  Faraway 

(2001), Faraway (2003) and Faraway and Choe (2009) use regression models on the trajectory of the hand. 

The later models need to be expanded by an inverse kinematic model of the rest of the body. Compared to 

the biomechanical models, the regression models require less computational power for the user of the model 

and less skilled operators of the model. Biomechanical models on the other hand are easier to be 

generalized, while regression models often fail to find universal truths.  

When looking at the human grasping movement it can be observed that the trajectory moves through the 

room on a two-dimensional plane (Arlt, 1999; Cherednichenko, 2007).  This understanding can be used to 

split the three-dimensional problem into a one-dimensional and a two-dimensional problem. Since start and 

end point of the simulation are already known, it is only necessary to find one additional point to define the 

plane (Fleischer et al., 2021). The trajectory can be modeled as a two-dimensional polynomial on this plane. 

In this paper only the trajectory model is described and compared to an older approach described by 

Fleischer et al. (2020). 

Fleischer et al. (2020) modeled the same data set used in this paper to predict grasping trajectories. Four 

separated mixed linear effect models were used to predict the four coefficients (C1-4; C0 = 0).  But the 

determination coefficients indicate a poor goodness-of-fit (Ferguson, 2009).  R²m never surpasses .1 and 

R²m is below .333 for all four models. Three major insights are described: 

“ 

1. Task factors (handle type and handle position) play the major role for the grasping trajectory. 

2. Body height plays a role in the modelling of hand trajectories. Gender, age, and dominant hand 

only show negligible influence on the trajectory. 

3. Other individual human factors not evaluated in this study seem to heavily influence the hand 

movement. 

“ -  Fleischer et al., 2021, p. 184 
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Methods (Fleischer et al., 2021) 

A participant study with 52 participants was carried out in a laboratory setting to model the grasping 

trajectories of take over movements. The subjects were asked to perform 24 grasping movements and the 

data were recorded using VICON Nexus (four MX T10S and four MX10 cameras, 100 Hz recording 

frequency, 12mm reflective markers, VICON Nexus 1.85). Four different grasping elements (see Figure 1) 

were presented on two orthogonal wooden boards: One-finger contact handle, three-finger contact handle, 

a ball, and a cylinder. 

Figure 1. Grasping handles from left to right: One-finger contact, three-finger contact, ball, cylinder. 

The four handles were mounted on the horizontal board, while two additional cylinder handles were 

fastened to the vertical board. As shown in Figure 2 the four handles were positioned either directly under 

the vertical cylinders or laterally offset to the right. The position of the handles on the horizontal plane was 

shifted halfway through the trails. 

Figure 2. Experimental setup with the one-finger contact handle and the cylinder handle directly under the 

vertical cylinders and the ball and the three-finger contact offset to the right. 
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Before the measurements, the participants had time to train the movements to perform the tasks routinely. 

The participants were instructed to grasp the handles on the horizontal plane and to carry out a grasping 

movement to the handle on the vertical board. Four handles in two positions each with three repeated 

measures resulted in 24 recorded grasping trajectories for each participant. Two participants were excluded 

from the sample due to measurement complications.  

Table 1. Individual data of the collective 

N = 50  

Average body height  174.5 cm [SD = 8.1 cm] 

Average age 26.8 [SD = 10.7] 

Right hand dominant 90 % 

Male gender  62 % 

The recorded trajectory data is transformed into two-dimensional data with the following approach: For 

each trajectory a best fitting plane is determined using principal component analysis. The trajectory is then 

projected onto this plane resulting in data points with two coordinates x and y. X is the distance travelled 

and y is the elevation above the direct connection of start and end point. This data were written in the 

dataframe “df” and used for the modeling. The model is fitted using the R-package “lme4” (Bates et al., 

2020) using a polynomial of the 4th degree: 

mdl <- lmer(y.coordinates ~ poly(x.coordinates, 4, raw = TRUE) *  gender + poly(x.coordinates, 4, raw = 

TRUE) *  height + poly(x.coordinates, 4, raw = TRUE) *  grasping_handle + poly(x.coordinates, 4, raw 

= TRUE) *  grasping_position + poly(x.coordinates, 4, raw = TRUE) *  age + poly(x.coordinates, 4, raw 

= TRUE) *  dominant_hand + (1 | name) , data = df) 

Gender, body height, the type of grasping handle, the position of the handles, the age and the dominant 

hand are modeled as fixed effects. The participant is modeled as a random intercept to account for factors 

not measured. 

Results 

The Q-Q-plot (Figure 3) shows a heavily tailed distribution in the upper quantiles. The scaled residuals 

(Figure 4) show a linear homoscedastic behavior. The x-axis is clearly visible on the lower left of the data 

points. 
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Figure 3. Q-Q Plot of the model  

Figure 4. Scaled residuals of the model 

The determination coefficients are R²m = .5 and R²c = .56. The significant main effects of the model are the 

grasping element (p < .001) and the position of the grasping element (p < .001). 

Discussion and Conclusions 

Compared to Fleischer et al. (2020) the key insights needed to be revised: 

1. Task factors (handle type and handle position) play the major role for the grasping trajectory. 

2. None of individualistic factors recorded has a significant effect on the trajectory. 

3. Other individual human factors not evaluated in this study do not influence the hand movement. 

Insight 1 stays the same, since these are the significant main effects. Compared to the older models the body 

height is no longer a relevant factor. The other individualistic factors remain insignificant. Insight 3 is the 

biggest change on the nature of grasping trajectories. The two determination coefficients are close to each 

other, thus the random effect does not influence the model as much as in Fleischer et al. (2020). Also the 

R² greater than .5 can be interpreted as moderate to strong effect sizes (Ferguson, 2009) and have improved 
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greatly compared to the modeling method of Fleischer et al. (2020). This can be attributed to two aspects. 

With the improved modeling method each data point can be used for the fitting, while the older method 

reduced every trajectory to the polynomial coefficients. Also, the four coefficients are now modeled in the 

same fitting process. This accounts for correlation of the coefficients between each other. 

Mixed linear effects models need to fulfil the assumption of linear homoscedasticity. The scaled residuals 

show a good fit for this criterion, but due to the trajectories only having positive y-values the x-axis is 

clearly visible on the lower left of the plot. The data are not normally distributed, but according to Gelman 

and Hill (2007) this criterion is obsolete by today’s standards. 

The modeling approach seems promising due to the high determination coefficient. Especially compared 

to biomechanical digital human models, the computational effort and user expertise needed is greatly 

reduced. Although the applicability of empirical models is less general. In the model presented here, balance 

is irrelevant, as the persons sit during the movement. It is to be researched to which extend the grasping 

model can be transferred to different scenarios. 

Acknowledgments 

This study was conducted in the context of the project INSAA funded by the Bundesministerium für 

Bildung und Forschung of Federal Republic of Germany. 

References 

Albers, D., Radlmayr, J., Grabbe, N., Hergeth, S., Naujoks, F., Forster, Y., Keinath, A., & Bengler, K. 

(2021). Human-Machine Interfaces for Automated Driving: Development of an Experimental 

Design for Evaluating Usability. In N. L. Black, W. P. Neumann, & I. Noy (Eds.), Springer 

eBook Collection: Vol. 221. Proceedings of the 21st Congress of the International Ergonomics 

Association (IEA 2021): Volume III: Sector Based Ergonomics (1st ed., Vol. 221, pp. 541–551). 

Springer International Publishing; Imprint Springer. https://doi.org/10.1007/978-3-030-74608-

7_66 

Arlt, F. (1999). Untersuchung zielgerichteter Bewegungen zur Simulation mit einem CAD-Menschmodell. 

Herbert Utz Verlag.  

Bates, D., Maechler, M., Bolker, B., Walker, S, Christensen, R. H. B., Singmann, H., Dai, B., Scheipl, F., 

Grothendieck, G., Green, P., & Fox, J. (2020). lme4 (Version 1.1-23) [Computer software]. 

https://cran.r-project.org/web/packages/lme4/index.html 

https://doi.org/10.1007/978-3-030-74608-7_66
https://doi.org/10.1007/978-3-030-74608-7_66
https://cran.r-project.org/web/packages/lme4/index.html


7th International Digital Human Modeling Symposium (DHM 2022) 

7 

Björkenstam, S., Mårdberg, P., Roller, M., & Carlson J. S. (2020). Digital Human Motion Planning of 

Operation Sequences Using Optimal Control of Hybrid Systems. In L. Hanson, D. Högberg, & E. 

Brolin (Eds.), Advances in Transdisciplinary Engineering: Vol. 11. DHM2020: Proceedings of 

the 6th International Digital Human Modeling Symposium. IOS Press. 

Brauns, S. (2017). Web-basierte Referenzarchitektur für virtuelle Techniken: Mit Anwendungsbeispielen 

aus der Industrie. Essentials Ser. Springer Fachmedien Wiesbaden. https://doi.org/10.1007/978-

3-658-17249-7 

Bubb, H., Engstler, F., Fritzsche, F., Mergl, C., Sabbah, O., Schaefer, P., & Zacher, I. (2006). The 

development of RAMSIS in past and future as an example for the cooperation between industry 

and university. International Journal of Human Factors Modelling and Simulation, 1(1), Article 

11686, 140. https://doi.org/10.1504/IJHFMS.2006.011686 

Bubb, H., Vollrath, M., Reinprecht, K., Mayer, E., & Körber, M. (2021). The Human Being as a Driver. 

In H. Bubb, K. Bengler, R. E. Grünen, & M. Vollrath (Eds.), Automotive ergonomics (pp. 63–

159). Springer. https://doi.org/10.1007/978-3-658-33941-8_3 

Cherednichenko, A. (2007). Funktionales Modell der Einstiegsbewegung in einen PKW [Dissertation]. 

Technische Universität München, München.  

Faraway, J. J. (2001). Modeling Hand Trajectories During Reaching Motions [Technical Report # 383 

Department of Statistics University of Michigan]. Department of Statistics, University of 

Michigan. https://people.bath.ac.uk/jjf23/papers/trajectory.pdf 

Faraway, J. J. (2003). Regression modeling of motion with endpoint constraints. The Journal of 

Visualization and Computer Animation, 14(1), 31–41. https://doi.org/10.1002/vis.303 

Faraway, J. J., & Choe, S. B. (2009). Modelling orientation trajectories. Statistical Modelling: An 

International Journal, 9(1), 51–68. https://doi.org/10.1177/1471082X0800900104 

Ferguson, C. J. (2009). An effect size primer: A guide for clinicians and researchers. Professional 

Psychology: Research and Practice, 40(5), 532–538. https://doi.org/10.1037/a0015808 

Fleischer, M., Elbauer, J., & Bengler, K. (2021). Modeling the Orientation of Take-Over Trajectories 

Using Mixed Linear Effects Models. In N. L. Black, W. P. Neumann, & I. Noy (Eds.), Springer 

eBook Collection: Vol. 221. Proceedings of the 21st Congress of the International Ergonomics 

Association (IEA 2021): Volume III: Sector Based Ergonomics (1st ed., Vol. 221, pp. 633–638). 

https://doi.org/10.1007/978-3-658-17249-7
https://doi.org/10.1007/978-3-658-17249-7
https://doi.org/10.1504/IJHFMS.2006.011686
https://doi.org/10.1007/978-3-658-33941-8_3
https://people.bath.ac.uk/jjf23/papers/trajectory.pdf
https://doi.org/10.1002/vis.303
https://doi.org/10.1177/1471082X0800900104
https://doi.org/10.1037/a0015808


7th International Digital Human Modeling Symposium (DHM 2022) 

8 

Springer International Publishing; Imprint Springer. https://doi.org/10.1007/978-3-030-74608-

7_77 

Fleischer, M., Hetzenecker, A., & Bengler, K. (2020). Modelling Take-Over Hand Trajectories Using 

Linear Mixed Effects Models. In L. Hanson, D. Högberg, & E. Brolin (Eds.), Advances in 

Transdisciplinary Engineering: Vol. 11. DHM2020: Proceedings of the 6th International Digital 

Human Modeling Symposium (pp. 178–186). IOS Press. 

http://ebooks.iospress.nl/publication/55300 

Fritzsche, L., Jendrusch, R., Leidholdt, W., Bauer, S., Jäckel, T., & Pirger, A. (2011). Introducing ema 

(Editor for Manual Work Activities) – A New Tool for Enhancing Accuracy and Efficiency of 

Human Simulations in Digital Production Planning. In V. G. Duffy (Ed.), Lecture Notes in 

Computer Science / Information Systems and Applications, incl. Internet/Web, and HCI: Vol. 

6777. Digital human modeling: Third international conference, ICDHM 2011, held as part of 

HCI International 2011, Orlando, FL, USA, July 9-14, 2011 ; proceedings (Vol. 6777, pp. 272–

281). Springer. https://doi.org/10.1007/978-3-642-21799-9_31 

Gelman, A., & Hill, J. (2007). Data analysis using regression and multilevel/hierarchical models. 

Analytical methods for social research. Cambridge University Press.  

Lu, J.‑M., Tada, M., Endo, Y., & Mochimaru, M. (2013). Ingress/egress motion strategies of the elderly 

people for the rear seat of minivans with sliding doors. In 2nd International Digital Human 

Modelling Symposium, Ann Harbor. 

Marshall R., Summerskill, S., Paterson A., & Eland A. (2020). The Use of Digital Human Modelling for 

the Definition and Contextualisation of a Direct Vision Standard for Trucks. In L. Hanson, D. 

Högberg, & E. Brolin (Eds.), Advances in Transdisciplinary Engineering: Vol. 11. DHM2020: 

Proceedings of the 6th International Digital Human Modeling Symposium (pp. 99–107). IOS 

Press. 

Obentheuer, M. (2020). Transfer of Human Motion Primitives for Digital Human Model Control in the 

Scope of Ergonomic Assessment. Technische Universität Kaiserslautern.  

Reed, M. P., Ebert, S., & Hoffman, S. (2010). Modeling Foot Trajectories for Heavy Truck Ingress 

Simulation. In G. Salvendy (Ed.), Advances in Human Factors and Ergonomics Series. Advances 

in human digital modeling (Vol. 56, pp. 19–27). CRC Press. 

https://doi.org/10.1201/EBK1439835111-4 

https://doi.org/10.1007/978-3-030-74608-7_77
https://doi.org/10.1007/978-3-030-74608-7_77
http://ebooks.iospress.nl/publication/55300
https://doi.org/10.1007/978-3-642-21799-9_31
https://doi.org/10.1201/EBK1439835111-4


7th International Digital Human Modeling Symposium (DHM 2022) 

9 

Reed, M. P., Faraway, J., Chaffin, D. B., & Martin, B. J. (2006). The HUMOSIM Ergonomics 

Framework: A New Approach to Digital Human Simulation for Ergonomic Analysis. In SAE 

Technical Paper Series, SAE Technical Paper Series. SAE International400 Commonwealth 

Drive, Warrendale, PA, United States. https://doi.org/10.4271/2006-01-2365 

Remlinger, W., & Bengler, K. (2016). RAMSIS kognitiv als Instrument zur Analyse und Auslegung von 

Sichtbedingungen. In A. C. Bullinger-Hoffmann & J. Mühlstedt (Eds.), Homo Sapiens Digitalis - 

Virtuelle Ergonomie und digitale Menschmodelle (Vol. 66, pp. 297–302). Springer Berlin 

Heidelberg. https://doi.org/10.1007/978-3-662-50459-8_13 

Robert, T., Causse, J., Denninger, L., & Wang, X. (2013). A 3-D dynamics analysis of driver’s Ingress-

Egress Motion. In 2nd International Digital Human Modelling Symposium, Ann Harbor. 

 

https://doi.org/10.4271/2006-01-2365
https://doi.org/10.1007/978-3-662-50459-8_13

