() ENEBI 2018 — 6° Encontro Nacional de Engenharia Biomecanica
( ENEBI 2018 8 e 11 de maio de 2018, Aguas de Lindoia - SP

ENCONTRO NACIONAL DE
ENGENHARIA BIOMECANICA

Jlb

A PRELIMINARY COMPUTATIONAL STUDY OF OPTIMAL HAND
TRAJECTORIES FOR MANUAL WHEELCHAIR PROPULSION

Rubens Jobs Borges de Souza, Mechanical Engineering Department, Centro Universitario FEI,
rubens_jobs@hotmail.com

Kelsion Enéias Martinez da Silva, Mechanical Engineering Department Centro Universitario FEI,
kelsion@gmail.com

Marko Ackermann, Mechanical Engineering Department, Centro Universitario FEI, mackermann@fei.edu.br

Abstract. Manual wheelchairs are widely used by people with different physical disabilities. However, handrim propelled
wheelchair locomotion is inefficient and biomechanically unfavorable, as evidenced by several studies in the literature.
In this context, this study investigates circular hand trajectories within the physiological workspace of the upper
extremity that are biomechanically more favorable for propulsion. We used an OpenSim musculoskeletal model of the
upper extremity and a mechanical work-based performance criterion. So far, suitable locations of 0.1 m radius
circumferences have been determined.
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1. INTRODUTION

In the world, about 1 billion people have some form of disability (ONU, 2011). Besides that, about 80% of the people
with disability lives in developing countries and 50% of the people with disability cannot pay for health. In Brazil, there
are about 62.6 million people with disability, 8.8 million of whom have motor disabilities (IBGE, 2010).

Considering the large number of wheelchair users and the economic conditions of most of them, the economically
viable option is the manual wheelchair. Despite economic viability, the conventional propulsion type, through rims
connected directly to the wheels, is considered inefficient and leads to a high incidence of upper limb injuries (Woude et
al., 2001b; Boninger et al., 2002; Curtis et al., 1999; Rice et al., 2017). Also according to Sabbik et al. (2004),
approximately 68% of wheelchair users face some type of upper-extremity pain, generally on the shoulder.

In order to mitigate some of these negative effects, the scientific community has been proposing alternative forms of
propulsion for manual wheelchairs (van den Woude et al., 2001a; Choromanski et al., 2013; Dysterheft et al., 2017).
However, studies that objectively analyze these strategies are still scarce. In this context, this project aims at objectively
investigating optimal hand trajectories for manual wheelchair propulsion within the upper extremity physiological
workspace that reduce muscle demand.

2. METHODOLOGY
2.1. Musculoskeletal model

The adopted musculoskeletal model, Fig. 1, is composed by two rigid bodies, the arms and the forearms, considering
bilateral symmetry, contained in the sagittal plane, and its motion is described by two generalized coordinates, o and J,
representing shoulder and elbow flexion angles, respectively. To ensure anatomical movements and avoid upper extremity
injury (Cooper et al., 1999), o ranges from -30° to 90° and B from 0° to 130°. Considering the ranges of o and j, the
workspace of the hands can be defined as in Fig. 2.

Figure 1. Musculoskeletal model with the representation of the two generalized coordinates.
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Figure 2. Representation of the model’s workspace limits (in red) together with an example of circular hand
trajectory (in black).

Six Hill-type muscles were used in the model. The muscles are the long head triceps, the lateral head triceps, the
medial head triceps, the long head biceps, the short head biceps and the brachialis, whose parameters are extracted from
the OpenSim (Delp et al., 2007) model arm26.

In this preliminary study, only closed, circular, 0.1 m-radius trajectories, as in Fig. 2, are investigated. Furthermore,
the motion is assumed as quasi-static so that inertial forces and the effect of the muscles’ force-velocity relationship is
not considered. In the future, this study will investigate the effect of different velocities and radii, as well as noncircular
trajectories.

2.2. Performance criterion and formulation

The trajectories were evaluated by the maximum mechanical work t the model is able to produce over a complete
closed, circular trajectory, as

T= ﬁﬁtangentialmax .ds, 1)

where ﬁtangenﬁalmax is the maximal tangential force the model is able to exert and ds is an infinitesimal displacement
along the trajectory.

In order to evaluate Eq. (1), the trajectory is discretized and ﬁtanyentialmax is computed in each one of the resulting
discrete positions. In the following, we will describe how the magnitude of the maximal tangential force is computed
from the maximal muscle activations.

The magnitude of the maximal tangential force Fiangentiar,, €@n be computed from the two components of the
contact forces Fy (horizontal) and Fy (vertical) according to Fig. 3 as

F,
Ftangentialmax = [cosO senb] [F;]’ 2

where, 0 is the angle between ﬁmngentmlmax and the horizontal.
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Figure 3. Free body diagram of the arm and the forearm.

The two components of the contact force, in turn, are related to the joint moments at the shoulder g}, ,,14e- @and elbow
TElbow &S

Fx _ Tshoulder
[Fy] =4 [ TElbow ]’ 3)
where matrix A is determined by applying static equilibrium conditions to the segments of the model, Fig. 3, resulting in

A= [_lForearm cos(@+ )  —lporearm sen(a + ) ! [0 1 ]
—lyrm cos(a) —lyrm sen(a) 1 —-1r

(4)

The joint moments are computed by multiplying the force exerted by each muscle by the corresponding moments
arms with respect to each of the generalized coordinates (Nigg and Herzog, 2006), as

[3]

F,

[TShoulde‘r] _ [blshoulder bZShoulder b3$h0ulder b4‘Shoulder bSShould‘?T bGShoulder] F3
= F,

Fg

Fe

5)
T b b (
Elbow biiow P2 rbow b3 piow  Dagimow SEibow  6Elbow

where F; is the force applied by the i" muscle. The corresponding moments arms with respect to the shoulder and elbow,
bigy,uaer @Nd biyy, -, respectively, are extracted from the OpenSim model. However, each muscle force depends on the

maximum isometric force that the muscle can generate Figometricy,,.ir the force-length f;; and force-velocity f,;
relationships and on the muscle activation a; as

F = FIsometricMax,i- a;. fv,i- fl,i: (6)

neglecting the muscles’ pennation angles. In the present preliminary study, the force-length and the force-velocity
relationships are not considered so that they are both set to one.

Therefore, the maximal tangential force can be computed according to



:xf ."' ENEBI 2018 — 6° Encontro Nacional de Engenharia Biomecanica

ENEBI 2018 8 e 11 de maio de 2018, Aguas de Lindéia - SP
7} (' ENGENHARIA BIOMECAN S
a;
ea|
Francenti = [cos® senB] ABF, E, F 9| (7
gentialymax Isoppax fv 11 a,
as

lagl

where the matrices are constructed according to Egs. (1-6). The computation of Fyyp,gentiq: requires setting the muscle
activations either to one (for agonists muscles) or zero (for antagonist) muscle, so as to maximize tangential force for a
given upper extremity configuration on the trajectory.

Once, maximum tangential force is determined, is it possible to evaluate numerically the integral in Eq. (1) to estimate
the maximal work over a complete close-loop trajectory.

Q

3. RESULTS

The simulations were performed using MATLAB and OpenSim (Lee and Umberger, 2016). The interaction between
MATLAB and OpenSim have been developed and studied (Mansouri and Reinbolt, 2012) in order to facilitate the
exchange of information between the two programs. A finite number of possible 0.1 m-radius, circular trajectories within
the workspace were investigated, Fig. 4 by varying the position of the circumferences’ centers, as illustrated in Fig. 4.

The circular trajectories were discretized using 1801 points resulting from angular steps of % radians. The

circumference centers were placed 0.02 meter apart in the x and y-axis directions and within the boundaries for the centers
of 0.1 m-radius circumferences, resulting in 152 different trajectories.
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Figure 4. Graphical representation of the simulations results. The dots in gray-scale represent the centers of the
respective circular trajectories. The darker the dot the larger is the maximum mechanical work computed for the
respective circular trajectory.

Figure 4 shows the centers of the respective 0.1 m-radius trajectories in gray scale. A darker point indicates the center
of a circular trajectory for which a larger mechanical work can be produced and vice-versa.



- ® ENEBI 2018 — 6° Encontro Nacional de Engenharia Biomecanica
- -
.5.1 ENEBI 2018 8 e 11 de maio de 2018, Aguas de Lindéia - SP
( ENCONTRO NACIONAL DE

ENGENHARIA BIOMECANICA

4. DISCUSSION AND CONCLUSION

So far, our preliminary results show that trajectories that can produce larger maximal mechanical work are located
farther away from the body. This would indicate that placing circular trajectories for manual wheelchair propulsion away
from the user while still within its workspace could lead to less muscle activation and effort, i.e. to biomechanically more
favorable configurations.

However, it is important to consider that this preliminary study has not yet considered the force-length and force-
velocity relationships or the effects of inertial and gravitational forces, which are important biomechanical factors
affecting performance and could substantially change these results. Therefore, further investigations on the effects of
muscle intrinsic properties as well as of inertial and gravitational forces are needed to determine suitable trajectories for
manual wheelchair propulsion. Future investigations should also focus on different radii and trajectory shapes.

REFERENCES
BONINGER, M. L. et al. Propulsion Patterns and Pushrim Biomechanics in Manual Wheelchair Propulsion. Archives of
Physical Medicine and Rehabilitation, v. 83, n. 5, p. 718-723, 2002.

CHOROMANSKI, W.; FIOK, K.; DOBRZYNSKI, G. Optimizing the lever propelling system for manual wheelchairs.
Bulletin of the Polish Academy of Sciences. Technical Sciences, Warszawa, v. 60, n. 4, p. 793-800, 2013.

COOPER, R. A. et al. Research on Physical Activity and Health among People with Disabilities: A Consensus Statement.
Journal of Rehabilitation Research & Development, v. 36, n. 2, abr. 1999.

CURTIS, K. A. et al. Effect of a standard exercise protocol on shoulder pain in long-term wheelchair users. Spinal Cord,
v. 37, n. 6, p. 421-429, 1999.

DYSTERHEFT, J. et al. Effect of Daily Physical Activity Level on Manual Wheelchair Propulsion Technique in Full-
Time Manual Wheelchair Users during Steady-State Treadmill Propulsion. Archives of Physical Medicine and
Rehabilitation, v. 98, n. 7, p. 1374-1381, 2017.

DELP, S. L. et al. OpenSim: Open-Source Software to Create and Analyze Dynamic Simulations of Movement. IEEE
Transactions on Biomedical Engineering, v.54, n. 11, p. 1940-1950, 2007.

IBGE. Censo 2010. Available on: < https://cidades.ibge.gov.br/brasil/pesquisa/23/23612 >. Accessed on: 21 jan. 2018.

LEE, L.-F.; UMBERGER, B. R. Generating optimal control simulations of musculoskeletal movement using OpenSim
and MATLAB. PeerJ, p. 1-18, 2016.

MANSOURI, M.; REINBOLT, J. A. A platform for dynamic simulation and control of movement based on OpenSim
and MATLAB. Journal of Biomechanics, v. 45, n. 8, p. 1517-1521, 2012.

NACOES UNIDAS NO BRASIL. A ONU e as pessoas com deficiéncia. Disponivel em:
<https://nacoesunidas.org/acao/pessoas-com-deficiencia/>. Accessed on: 01 set. 2017.

NIGG, Benno M.; HERZOG, Walter. Biomechanics of the musculo-skeletal system, 3 ed. Calgary: John Wiley &
Sons, 2006. 672 p.

RICE, L.A; RICE, I. M. Evidenced Based Education Innervations to Preserve Upper Limb Function Among Full Time
Manual Wheelchair Users. Medical Research Archives, v. 5, n. 3, p. 1-14, 2017.

SABICK, M. B et al. A New Method to Quantify Demand on the Upper Extremity during Manual Wheelchair Propulsion.
Archives of Physical Medicine and Rehabilitation. v. 85, p. 1151-1159, 2004.

Van der WOUDE, L. V. D. et al. Alternative Modes of Manual Wheelchair Ambulation. American Journal of Physical
Medicine & Rehabilitation, v. 80, n. 10, p. 765-777, 2001a.

Van der WOUDE, L. V. D. et al. Biomechanics and physiology in active manual wheelchair propulsion. Medical
Engineering & Physics, v. 23, n. 10, p. 713-733, 2001b.

ACKNOWLEDGEMENTS
We would like to thank Centro Universitario FEI for the provided structure.

RESPONSIBILITY FOR INFORMATION

The authors are the only responsible for the information in this project.



