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Featured Application: Explicit biomechanical multibody model for the inverse dynamics of upper
limb musculoskeletal systems considering muscle wrapping.

Abstract: The aim of this paper is to present an explicit analytical biomechanical multibody procedure
able to be implemented in the solution of the musculoskeletal systems inverse dynamics problems.
The model is proposed in formal multibody analysis and implemented in the Matlab numerical
environment. It is based on the constraint kinematical behaviour analysis and considers both linear
muscle actuators and curved ones, by calculating the geodesic muscle path over wrapping surfaces
fixed to the bodies. The model includes the Hill muscle approach in order to evaluate both the
contractile elements’ actions and the passive ones. With the aim to have a first validation, the model
was applied to the dynamical analysis of the “arm26” OpenSim model, an upper limb subjected to
external forces of gravity and to known kinematics. The comparison of results shows interesting
matching in terms of kinematical analysis, driving forces, muscles’ activations and joint reactions,
proving the reliability of the proposed approach in all cases in which it is necessary to achieve in-silico
explicit determinations of the upper limb dynamics and joint reactions (i.e., in joint tribological
optimization).

Keywords: biomechanics; multibody; musculoskeletal systems; upper limb; dynamics; joint reactions;
muscles wrapping

1. Introduction

In the framework of biomechanics, the dynamics of the human body plays an important role: it is
necessary to apply knowledge of the joint contact forces during certain human kinematics motion to
analyse the joint loading, and to define the synovial joints (hip, knee, ankle, etc.) tribological behaviour
and mechanical performances. It is necessary to estimate the friction and the wear of the articulated
surfaces [1-3], to predict some articular diseases such as the osteoarthritis [4,5] and to design prostheses
able to replace the worn natural joint [6-8] or to investigate the influence of some properties on the
prosthesis performance [9-11], etc.

The in vitro or in vivo approaches to study biomechanical phenomena, are characterised by a wide
deviation of the measurement results. Since they are dependent on many parameters and vary from
subject to subject [12-14], many experiments are required to define an average behaviour of a certain
physical system. For these reasons, the in silico approach is becoming a very suitable way to overcome
the described issues, and many software, able to solve numerically dynamical musculoskeletal systems,
have been developed by researchers, such as OpenSim, AnyBody, etc.
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Each software is built with algorithms used to approach mathematical problems; despite them
being computationally optimized to solve problems, they are not fully controllable and they are not
easy to use as a subroutine in more complex models.

A musculoskeletal system can be seen as a set of bodies; the bones, linked by joints which,
simultaneously, allow and constrain the relative motions between them. It is moved by a complex
actuation system composed by “deformable actuators” attached to the bodies, the muscles, governed
by neural excitation signals [15]. In order to analyse the joint contact forces of an articulated system
subjected to a known motion, one of the best ways to achieve the goal is to solve the inverse dynamics
problem with a multibody approach, after performing the scaling and the inverse kinematics [16] to
adapt the musculoskeletal system to the particular subject and motion.

With reference to the above issues, an analysis of scientific literature furnishes interesting findings.

In [6] the authors analysed the differences between two multibody musculoskeletal models of the
upper limb, an anatomical one and one provided with a reverse shoulder prosthesis. They focused
on the comparison between the muscles’ lengths, forces and joint reactions by varying the shoulder
replacement location and geometry.

In [9] the authors validated the quality of a multibody simulation in the framework of above-knee
amputees subjects based on a socket. They compared the calculated loads acting on the socket interface
with the ones acquired by measurement devices applied on six subjects during level walking captured
in gait laboratories, obtaining good agreements.

In [11] the authors discussed the theoretical multibody approaches and contact simulations in the
framework of mechanical hands so as to adapt them to prosthetic hands. They studied the dynamical
behaviour of the finger and the phalanx in order to analyse the grasping ability of the artificial hand.

In [17] the authors proposed to associate a fatigue model to the muscle one, in a general
multibody simulation, considering the muscular force history, to evaluate its fitness level. The authors,
with reference to a simple upper extremity system subjected to gravity and a concentrated load,
obtained interesting results in terms of the increase of the muscles activation and/or of the number of
recruited muscles after a loss of force production capacity.

In [18] the authors furnished a detailed description of the main techniques used to solve the inverse
dynamics of musculoskeletal systems, showing the joint modelling, the muscular tissue dynamics and
the physiological criteria. They applied the model in the case of the gait analysis of a geometrically
reliable whole body.

In [19] the authors showed the multibody analysis potential to solve problems in the framework
of the craniofacial biomechanics of both human and non-human applications.

In [20] the authors performed an overview on the multibody kinematic optimization, focusing on
the reliability of the kinematical analysis associated to the upper limb modelling with respect to the
motion of the soft tissue artefacts, the skin, which in general provides errors.

In [21] the authors developed an interesting multibody model of the human spine by discretising
the linked intervertebral discs by a series of rotational joints, obtaining reliable results and pointing
out on the model utility in the framework of the seating systems comfort investigation and of the
surgical field.

In the above scientific framework, the aim of this paper is to develop, step by step, an explicit
analytical multibody model representing the “core model” of a novel algorithm written by the authors
in the Matlab environment, able to solve the inverse dynamics of upper limb musculoskeletal systems,
allowing the explicit control of the involved variables. The reliability of the model is evaluated
by performing a comparison with the results of an inverse dynamics analysis obtained from the
open-source software OpenSim on the upper limb system subjected to a known kinematics example.
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2. Materials and Methods

2.1. Musculoskeletal System

From a general point of view, a multibody model firstly needs the topology of the system, namely
the set of np bodies and 77 joints together with the information about which joint links the parent body
to the child bodies. The parent body of a joint is the body in which the joint is defined in terms of
reference frame, while the child bodies of a joint are the bodies subjected to the relative motion, linked
through the joint to the parent body.

We assumed as reference model the OpenSim “arm26” [22] (Figure 1) together with the reference
frames of the ground and the joints: it is composed of 3 bodies: the ground, the humerus and the
forearm; these are denoted by the complex of the ulna-radius-hand and by 2 joints, the shoulder,
which connects the humerus to the ground, and the elbow, which links the forearm to the humerus.

Y

Figure 1. OpenSim arm26 model topology.

Each body i in the space is described by Lagrangian coordinates g;, (1), which is a vector of
7 elements composed of its mass centre G; translation with respect to the ground t; and its orientation
with respect to the ground reference frame denoted by the unit quaternion 6;.

7, - [ o ] )
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According to the quaternion theory [23], a unit quaternion 0 is a unit vector composed of a scalar
real part and a vector imaginary part, describing the orientation of a floating reference frame rotated
with respect to a fixed one by the knowledge of the rotation angle and the axis around which it is
performed. The information about the quaternion and its time derivatives allows calculating a body’s
angular velocity w together with the rotation matrix R with respect to the ground reference frame.
A kinematical analysis is necessary to elaborate the position rp, the velocity vp or the acceleration ap of
any point P in the space (joint, muscle attachment point, external force application point, etc.) fixed to
a body i, through its local position with respect to the body i, up ;, the body’s Lagrangian coordinates g,
and their derivatives g; and g, [23], as described in (2).

rp =1+ Rl‘ﬁp’i
o= b-Rin,GO_ @
ap = t; — w;iR;up;G;0; — Rjup;G;0;

2.2. Kinematical Analysis Based on the Constraints

Since the time evolutions of the ng, s system’s degrees of freedom are known, a kinematical analysis
can be immediately performed. The analysis is based on the idea that the system has to satisfy during
the time ¢ the set of constraint equations coming from the joints” kinematical behaviour, through the
right set of the bodies” Lagrangian coordinates g [24,25], obtained by concatenating the individual ones
g, along the column direction.

A multibody system made of np bodies (including the ground) which move in a known way,
is subjected to the constraint equations composed by:

- n4of rheonomic constraints which drive the degrees of freedom to move with the known
trajectories (C;);

- nc scleronomic constraints due to the relative motions blocked by the joints kinematical
behaviour (Cs);

- (ng—1) constraints which guarantee that the bodies’ quaternions keep the unitary norm (Cy).

From the mobility Equation (3),
Ngof = 6(ng—1) —n, 3)

the 7(ng — 1) constraint equations needed to find the same number of unknown g are included in the
constraint vector C in (4).
Cr(aq,1)
Clq.t)=| Glq) |=0 @
Cp(q)

The kinematical analysis, in (5), can be performed by solving the closed non-linear system of
equations C through the Newton iterative method for the position problem and by differentiating the
constraints with respect to time ¢, obtaining two linear systems to solve the velocity and acceleration,
which provide the Lagrangian velocities g and accelerations 4.

g1 = g0 - ;1 (¢, £)c(q®, 1)

qu : _Ct' (5)
Cqi = —(Ci + Cyq)
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The constraint Jacobian C,; and the other matrices and vectors involved in the kinematical analysis
in (5) (C, Cy, Cq, Ct), are obtained by analysing the joints kinematical behaviour. In this application the
shoulder and the elbow are modelled as revolute joints, so only this joint type is discussed. A revolute
joint | allows only a relative rotation 0 between the linked bodies i and j around an axis defined by the
unit vector 9 fixed to the parent body i, as showed in the Figure 2.

Vi 0,

Zs~

Figure 2. Revolute joint scheme.

The rheonomic constraint C, j associated to the revolute joint | is generally modelled considering
that the scalar product between two particular vectors fixed to the related bodies has to be equal to the
cosine of the relative rotation 6 [18,25]: the periodicity of the trigonometric functions does not allow
to reaching a unique solution numerically solving the position analysis. In this work this particular
constraint is modelled considering that the difference between the bodies” absolute angular coordinates
@ projected on the rotation axis © has to be equal to the relative rotation 0, as written in (6).

Crj(a,t) = "R (¢~ i) - 0(t) = 0 ©

The related scleronomic constraints C, ; are composed of a translational part and a rotational
one [25], in (7):

- thejoint position calculated starting from the body i, ;;, has to be equal to the one seen by the
body j, ry,;;

- avector fixed to body j, s;, parallel to the rotation axis 9, has to be orthogonal with respect to
others two vectors fixed to the body i, 5;; and sjp, both orthogonal to the rotation axis # and to
each other.

T],i = tl' + Riﬁ],i

1y = t]' + R]-u],]- 17— 1],
sj = R]§] - Cs,](q) = szis]- =0 (7)
Si1 — Rl'gil SiZS]'

sip = Risp
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While the joint local positions #,; and u,; are provided by the geometry of the system, the vectors
5j, 5;1 and 55 can be calculated considering the spherical transformation that rotates the reference frame
of the body i or j leading the x axis to be parallel with respect to the rotation axis .

The time derivatives of the rheonomic constraint are then performed in (8) (considering that from
the quaternion theory results GO =0).

Cr,](q/ ‘7/ t) = —@Taiéi + ?A)TRITR]EJGJ - Q(t) =0 ®)
cr,;(q, 9,9, t) =-0"Gi0;+"R[R;G;0; + 9'R/ @ R;G;0; + o'R] @;R;G;0; — 6(t) = 0

Collecting the terms in order to build the matrices needed for the kinematical analysis, Equation (9)
is obtained.

t )
Cry =10 —@TEZ-][;J +o @TRiTRjEj][gj

+ 0[#] +[o o"RI(@] + af)RjEj][:tj ] -6(1) =0
0; 0;

The same logic is adopted in order to find the time derivatives of the scleronomic constraints
in (10).

Csj(9.,9) =| —5/R[Ris1Gi6; ~SiR]R;5,G;6; | =0
5, R{R52Gi0; ~5,R[ R;5;G;0;

b Ri,Gi0; — Riai,Gi; — i + Ry G0, + Ry, G0 (10)
Coj(a,,i) = |5 RIRG1Gibi ~ 5] RI (@] + @ )R51Gi6; ~SARIR5,G,6; ~ ShRI (@] + @))R5,G6;| — 0
~STRIRF2G;0; - 5] R (@] + @1 |R52Gi6; ~ ShRIR 36,0, ~ LRI (@] + @7)R 3,60
Collecting the terms again, Equation (11) is obtained.
I -RuG ., [-I RuE,G .
Cy=|0 -5 RTR&1G; "] o -s"RTR}5,G; M
o srrEe) ) |0 sirgc|” a
I —Riu,iG; -1 R;‘i/,iaf 0 ~Ri@wii} Gi ; 0 R; 57 i iGj i
Cy=|0 -5'R'RE4G; 9 +l0  -sRTR;5G; ._f_ +10 —5/RI(@] + @)Ris1 Gi ; +lo —SiRI(@ +@))R;5;G; Z =0
0 —SIRIREG| -~ [0 —SERIRSG,|E " [0 —S/RI(@! +@)R5:Gi|' © |0 —SLRI(@] +@,)R5,G|

Once the rheonomic and scleronomic constraints are evaluated, the ones related to the quaternions’
unitary norm are written for each body i in (12).

Cpi(q) = 0]6;-1=0 (12)
The time derivatives of Cj,; are evaluated in (13).

Cb,,’(l], q) = 26;91‘ =0

Co,i(, 4, 4 T, 120, ¢ (13)
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Collecting the terms for the last time, Equation (14) is written.
Cpi=[0 267 | f =0
/i i 0,

Lo 2 | 5 |0

Every constraint k is written in the form of (15) in order to extrapolate the needed submatrices
that have to be associated to the related i and j bodies’ Lagrangian coordinates, so that the kinematical
analysis can be solved. With reference to Equation (6), it is worth noting that the rheonomic constraint

(14)
u=[o 20 |

equations C, are written in such a way as to separate the functional dependence on the Lagrangian
coordinates g, through the vector a, and the one on the time ¢, through the set of degrees of freedom g, -

Cr(q,t) = a(q) = quo5(t) . Ci(g,t) =0
Crt= _qdaf — ) Ck(q, [], t) = Cq,iqi + Cq,jqj + C.t,k =0 . (15)
C”,tt = _édof Ck(q/ q/ é, t) = Cq,iél‘ + Cq,]q] + Cq/iqi + Cq/]qj + Ct,k =0

2.3. Inverse Dynamics

The solution over time of the kinematical problem provides all the quantities needed for the
inverse dynamics. In particular, with reference to the chosen generalised coordinates g;, the equation
of motion includes the mass matrix M, the vector of the centrifugal and Coriolis generalised force Q,
and the external generalised force Q, [23] and it is written in the form of virtual work for a virtual
displacement 6 by including the work of the internal forces through the constraint Jacobian C; and
the Lagrange multipliers A in (16).

59" (Mij - Q, - Q. + CJA) =0 (16)

Since the work of the internal forces is considered, the equation of motion (22) is satisfied for
any virtual displacement 6g: in order to refer the bodies’ orientations to the local cartesian angular
coordinates ¢;, instead of the quaternion 0;, a coordinate change is performed through the matrix
J, [23],in (17).

ot r o ot — —T AT (nf: T
The generalised force vector Q. and the new constraint Jacobian C7 are defined in (18), leading to
the final form of the multibody equation of motion.
T .
= M — —
G =G, 1

The coordinate transformation in (17) allows neglecting the part of the Jacobian associated with
the constraints needed to keep the quaternions’ unitary norm: then Equation (18) becomes a closed
linear system in which the unknowns are the Lagrange multipliers associated with the rheonomic
constraints A,, representing the driving forces associated to each degree of freedom, and the ones
related to the scleronomic constraints As [25], as showed in (19).

Cfr
Cq:[ Cz’s ] T T A
=l S [ca ][ ]——QC (19)

as 1 A,
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The scleronomic multipliers As are not equal to the joint reaction forces, because the actuation of
the musculoskeletal system doesn’t associate a single actuator to each degree of freedom: there are
more muscles than degrees of freedom (redundancy) and, moreover, the muscular action is composed
of a passive part which has to be considered as a known external force. In order to evaluate muscle
forces and joint reactions, a muscle model is needed.

2.4. Hill Muscle Model

The Hill muscle model considers the muscle-tendon unit as a linear actuator between two
attachment points A and B on the linked bodies (Figure 3) composed by the series of the tendon SE
with length /; and the muscle, that is modelled as a parallel between the contractile element CE and
the passive element PE, with length [, and inclined with respect to the action line by the pennation
angle o [26-28].

PE \
AW -

lmt

Figure 3. Hill muscle scheme.

The force F;, generated by the muscle-tendon series is shared by the tendon and the muscle, so it
can be evaluated as the sum of the ones generated by the contractile element Fcg, representing the active
action due to the sarcomeres’ contractions, and the passive element Fpg, due to the muscular fibre tissue
stiffness, projected on the action line through the pennation angle @,. The active part Fcr depends
on the activation level g, a scalar number between 0 and 1 determined by the muscular recruitment
criterion, the muscle fibre length I, and deformation velocity v;, through the force-length—velocity
relationships, while the passive force Fpg depends only on the muscle fibre length I,,, [28-30], as written
in (20) and depicted in the Figure 4:

- according to the force-length relation fj, increasing the muscle fibre length, the active force
increases until it reaches a peak (the maximum isometric force Fp) in correspondence with the
optimal fibre length Iy, then it decreases;

- the muscle generates a greater force than the maximum isometric one (in correspondence of zero
deformation velocity) when it lengthens, with an asymptotic behaviour, and a lower force until it
reaches the maximum contraction velocity vy, beyond which it is not able to produce actuation,
following the force—velocity relation f;
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- the passive element opposes a growing resistance only if the muscle length is greater than the
optimal fibre length Iy, until it reaches a maximum value following the relation fpg.

P
=3 FCE:“1® (v)Fo
b e — Fu = (Fcg + Fpg) cos ay (20)
V=" Fpg = fPE@FO
Umax
2.5 2
CE
2 PE
CE+PE 15
1.5
w
L M
1
0.5
0.5
0 0
0 0.5 1 15 2 -2 -1 0 1 2
Im/IO levmax

(a) (b)

Figure 4. Hill model force-length (a) and force-velocity (b) curves.

Generally it is assumed that the tendon dynamics is negligible, so that the tendon length I; can be
considered as a constant, and that the muscle width w,, keeps constant values, even in correspondence
of the muscle optimal fibre length Iy, when the muscle is inclined by the known optimal pennation
angle ap. Then, with reference to Figure 3, Equation (21) is used to calculate the muscle length I,
the muscle deformation velocity vy, and the pennation angle ay, starting from the length ;s and the
deformation velocity v of the muscle-tendon unit, which are known from kinematical analysis [25].

{ Lmt = It + Iy cos ay Iy = \/(lo sinag)? + (L —1i)*

. . _> .
Wy = Iy sinay, = lpsinag ay = arctan(l“, sirlzo) (21)
m

2.5. Wrapping Muscles

While some muscles’ attachment points are fixed to the bodies, others depend on the particular
pose of the musculoskeletal system, because the related muscles can wrap around bony surfaces fixed
to the bodies [31-33]. In order to locate the intermediate attachment points due to the muscle wrapping,
the curve that the muscle follows around the wrapping surface is modelled with a geodesic [34,35],
since this approach models the wrapping muscle by constraining its associated curve to follow the
smooth shortest path around the related surfaces; this approach also achieves a low computation
cost. The surface’s spatial representation can be described with two parameters, u and v, through the
parametric equations x(u, v) which satisfy the implicit surface equation f(x) = 0. The geodetic curve
c(s), along the curvilinear coordinate s, is evaluated as the constrained motion of a particle with mass m
on the surface x(1, v) in absence of external actions: then the particle’s equation of motion is assembled
in (22) and it is solved according to its forward dynamics. The particle is characterised by three degrees
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of freedom in space; for the translation ¢, its mass m is arbitrary because its value affects only the
Lagrange multiplier A associated to the unique surface constraint C.

g =1 T
g Mg’ +CIA=0
= 22
-~ { M @
C=f(q)

Differentiating the constraint C with respect to the curvilinear coordinate s, the constraint Jacobian
C4 and its derivative C;; are obtained. The geodesic forward dynamics problem written in (23) is a
closed non-linear differential algebraic equation and it is solved numerically by marching techniques.
Coupling it with the initial conditions g, the attachment point position, and to, the tangent unit vector
parallel to the surface, calculated from the straight-line muscle line action projected on the surface
tangent plane, gives the initial direction: the solution g(s) is equal to the geodesic c(s).

{ C'=Vf(a)g =Coq =0
C" =V @) +Vfa)q" — Coq +Cyq” =0
M C q’ 0
q . 23
{Mq"+c§)\:o . [cq 0 HA] [—qu’] @3)
Coq" = ~Cod’ q(0) = ro
q'(0) =1

With reference to Figure 5, in correspondence with each time instant, the model detects the
contact between the straight-line muscles AB. and the associated surfaces x(u,v); then it calculates
the geodesics starting from the two intersections P and Q on the surface, cp and ¢, varying the
attachment points location until the original muscle AB is split in two straight-line muscle units AP
and OB tangent to the surface while the related geodesics are collinear to each other in correspondence
with the geodesics’ closest points P* and Q* [34].

Figure 5. Geodesics on a wrapping surface.

From the differential geometry, the tangent, normal and binormal unit vectors, #, # and b,
respectively, are given in (24).

ho Y (24)
P A
b=txn

The objective is to find the unknown geodesics initial positions, the attachment points locations
described by the surface parameters (uop, vop) and (uOQ, UOQ), that set to zero the function f in (25),
in which the first two components impose the surface’s tangency of the split muscles, while the last
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two components guarantee the geodesics’ collinearity. The non-linear closed problem can be solved
using the Newton iterative method, numerically calculating numerically the Jacobian function J.

N
= Oop N {rP:x(UOPrUOP) N {tp— rp—74l

2 Tro—TB
rq = {10, v00) Q= ol

T (25)

Once the Newton cycle has reached convergence, the two geodesics cp and cg are joined in
correspondence of the collinearity point, resulting in the definitive muscle path cpg.

The surface types analysed in this work are the cylinder x., with radius r and height /, and the
ellipsoid x,, with semiaxes sy, s, and s;, given in (26).

reosul oo sycosveosul o o
xc(u,v) = |rsinu —’IS U_S p Xe(u,0) = sycos'vsinu —E_S ?J_S x
v 2 2 s, sinv 2 2 (26)
2 2 2
fl =2 =0 g0 = (&) (&) + ()10

2.6. Static Optimization

Once the muscle path is defined, the muscle forces have to be turned into generalised forces
through the muscle Jacobian ®, by the principle of virtual work in order to include them in the
equation of motion [17,18,25]. In general, each muscle is modelled as a series of straight-line and
curved musculotendon actuators (Figure 6), so the muscle’s virtual work 0W, is calculated with the
sum of the individual units work considering that the muscle force Fy,; is constant along the muscle
path and that there is no friction between the muscle path and the wrapping surfaces [35].

V4

Figure 6. Muscle series.
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With reference to Figure 6, the three bodies i, j and k are linked by the same muscle, together with
an intermediate wrapping surface fixed to another body w: locating the musculotendon units action
lines by the unit vectors I and the position r of the attachment points, the aim is to relate the virtual
work to the bodies” generalised coordinates 64 in order to build the muscle Jacobian @, in (27).

4 = AT
A - t; —i—RﬂiA > OWap = —Fyulp(6rp — 614)
rg = t]‘ +R]‘MB N |;:B::A| SWap — —F iT (61, —5r )
rp = tw + RwﬁP - IBP = |1’112—7’g| - S "Br : b
— 5 rc1Q 0Wpg =0
rQ = tw + Rqu lQC =7 T
” Irc-rq] SWoc = ~Fulgc(drc — org)
rc =t + Ry oc mecTeT T
AT - — ot; ~ = = Ot;
OWap = Fm(lAB[ I —RusG; ][ 5911, ]‘ZAB[ I - RjupG; ][ 59]]. D (27)
AT -~ — ot; AT -~ — ot
6Wpp _Fm(lBP[ I - RjupG; ][ ]4 ]—’BP[ I = RyitpGu ][ 66?;], D
t
OWgoc = Fm(ch[ I - RyiigGu ][ . ] o I - RidicG: ][ 00 ])

Wi = 0Wap + Wgp + 5Wpg + 6Woc = Fm(<1>q,i6qi +®,i0q; + Pgudq,, + @, 100,

Then, once the muscle Jacobian @, and the muscle force vector Fy, have been assembled, the
generalised muscle force Q,, can be included as an external force in the equation of motion (16) instead
of the constraint Jacobian part related to the rheonomic constraints, as written in (28).

Qlog = Fld,00 — 5qT(Mi7 ~Q,- Q.- ®TF, +CL A+ c;b/\b) —0 (28)

Changing the orientation coordinates through the matrix J, so as to neglect the constraint Jacobian
part related to the unitary norm of the quaternions, Equation (29) is obtained.

@; =], — ®IFu-Cp A =Q, (29)

Each muscle force F,, ; depends on the muscle length [,,, ;, the muscle deformation velocity vy, ;
and the pennation angle ) ; through the Hill model: these quantities can be calculated through
Equation (21), evaluating the musculotendon length [,,;; ; and deformation velocity v, ;. Analysing
each muscle series i, in general it can be composed by 7 straight-line units (from A; to B;) and ny
wrapped units (from Py to Q), so the musculotendon length /,;; ; and deformation velocity v, ; can be
calculated as the sum of the individual contributions in (30).

lmfl - Z‘rBj_rA]|+ w | PQk|dS

»
I ™

(30)

ns
Omt,i = Z (UB] UA] lAB]
j=1

I
g

1
N
k 1(0 k Qk vpfktp’k)

From Equation (20), each muscle force F, ; is written in Equation (31) as the sum of an active
part Z_SCE,Z- multiplied by the activation level 4; and a passive part ?pE,i, in order to relate the muscle
force vector F;, to the activation vector a, through the maximum active muscle force Fcg, and the
passive muscle force vector Fpr (which take into account the muscles’ length, velocity, pennation and
maximum isometric force).

Fy; = aiFcpi+Fpei = Dcg = diag(Fce) — Fu = Dcpa + Fe (31)

Substituting in (29), the unknowns in the equation of motion (32) are the activation vector a and
the Lagrange multipliers related to the scleronomic constraints A;, which definitely represent the joint
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reactions, by including the muscle activation Jacobian @7 cr and the generalised passive muscle force
vector Q PE-

®- -+ = Dr D=
qCE = Y CE™g T _T a |
{ Qpr = q’%l_:pg - [ q)ﬁ,CE CE,S [ As ] = Q.- Qp (32)

Since the linear equation system (32) has more unknowns than equations, due to the muscle
redundancy, it is used as an equality constraint in the static optimization problem which minimizes
the global muscle activation level (physiological criterion). If the muscle topology modelling is not
accurate, the static optimization could fail, so the Lagrange multipliers associated with the rheonomic
constraints A, are reintroduced in (32) with the role of residual actuators, whose action has to be
minimized together with the muscle activations (bounded between 0 and 1), in order to ensure the
optimization convergence while satisfying the equation of motion, as written in (33).

a
[q);,CE _Cg,s _Cg,r] As| = Q. — Qpg
Ay
A=[®l = -cf -ct
[ 4,CE uq,s q,r] ngcin] (x) = ala+ ATA, (33)
x = |As i Ax=0Db
Ay 0<a<1
b=Q.-Qp

3. Results and Discussion

In this section, the results regarding the simulation of the upper limb subjected to gravity during
a simple kinematics are discussed. The input data are taken from the OpenSim model “arm26” [22].
As already mentioned, the analysed upper limb is composed of three bodies: ground, humerus and
forearm; these are linked by two revolute joints, the shoulder and elbow, whose main data (inertial
properties, relative locations and rotation axes) are listed in Tables 1-4.

Table 1. Bodies’ inertial properties.

Inertia Tensor Entries

Body Mass m [kg] — - - - Z Z
Ly [gm?] Iy [gm?] I [gm?] Iy, [gm?] I,.[gm?] Iy [gm?]
Humerus 1.86 14.81 4.55 13.19 0 0 0
Forearm 1.53 19.28 1.57 20.06 0 0 0

Table 2. Bodies’ mass center position with respect to the reference joints.

Local Position Vector

Body - - -
UGy [m] uGy [m] UGz [m]
Humerus 0 -0.180 0
Forearm 0 -0.181 0

Table 3. Joints’ positions with respect to the reference joints.

Local Position Vector

Joint — — —
ujx [m] ujy [m] uj, [m]

Shoulder -0.0175 -0.0070 0.1700
Elbow 0.0061 -0.2904 -0.0123
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Table 4. Joints’ rotation axed with respect to the parent bodies.

Unit Vector Axis
Joint N N N
Ox Oy 0z
Shoulder —0.0589 0.0023 0.9983
Elbow 0.0494 0.0366 0.9981

The musculoskeletal system is moved by six muscles (long triceps, lateral triceps, medial triceps,
long biceps, short biceps and brachialis), characterised by parameters included in the Table 5.

Table 5. Muscles’ properties.

Maximum Optimal Slack Optimal Maximum
Muscle Isometric Muscle Fibre Tendon Pennation Contraction
Force Length Length Angle Velocity

Fy [N] Iy [m] Iy [m] g [rad] Umax [lo/s]
Long triceps 798.52 0.1340 0.1430 0.209 10
Lateral triceps 624.30 0.1138 0.0980 0.157 10
Medial triceps 624.30 0.1138 0.0908 0.157 10
Long biceps 624.30 0.1157 0.2723 0 10
Short biceps 435.56 0.1321 0.1923 0 10
Brachialis 987.26 0.0858 0.0535 0 10

The wrapping surfaces included are a cylinder fixed to the ground interacting with the long
triceps, a first ellipsoid interacting with the long biceps, a second ellipsoid interacting with the long
triceps (both the ellipsoids are fixed to the humerus) and a cylinder fixed to the humerus interacting
with all the triceps on the back and with the brachialis on the front. The wrapping surfaces have
locations #,, and orientations 6, with respect to the reference joints, these are reported in Table 6,
along with the surface geometries.

Table 6. Wrapping surfaces location and orientation with respect to the reference joints and geometry.

Local Position Vector Local Orientation Geometry
Wrapping Surface - - —
Uw,x [m] Uw,y [m] Uw,z [m] 6w,x [rad] ew,y [rad] ew,z [rad] [mm]
Ground cylinder —0.0439 —0.0039 0.1478 1.3753 —0.2946 2.4360 hrj 330
sy =35
Shoulder ellipsoid 1 —0.0078 —0.0041 —0.0014 3.0016 —0.8535 2.5742 sy =20
s, =20
sy =25
Shoulder ellipsoid 2 0.0033 0.0073 0.0003 —2.0043 -1.0016 0.9755 sy =20
s, =20
Elbow cylinder 0.0028 —-0.2919 —0.0069 —0.1402 —0.0063 0.1550 ; i é?)

The degrees of freedom are the shoulder and the elbow rotations and the analysed kinematics,
as reported in Figure 7, which shows the movement of the elbow from 0° to 90° during 1 s while the
shoulder does not move.
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Degrees of freedom
100 T : -
90
Shoulder
Elbow

t[s]
Figure 7. Arm26 degrees of freedom over time.
In order to prove the reliability of the kinematical analysis, Figure 8; Figure 9 show the comparison
between the system configuration (the position of the bodies with their mass centre, the muscles and the

wrapping surfaces) in the OpenSim model and in the Matlab model, in correspondence of the first and
the last time instants. The kinematical analysis can be viewed in Supplementary Materials—Video S1.

%T =0

y [m]
S
N
T SO

(a) (b)

Figure 8. Kinematics first time instant in (a) OpenSim and (b) Matlab.
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16 of 26
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Figure 9. Kinematics last time instant in (a) OpenSim and (b) Matlab.

The long biceps wrapped on the ellipsoid keeps its path on the surface during the simulation
because the shoulder angle is constant; it is shown in Figure 10.

%T =100

0.1
0.08
0.06
0.04

0.02
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-0.04

-0.06
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z [m] 0

0

x [m]

Figure 10. Shoulder wrapping.
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The wrapping muscles on the cylinder close to the elbow are viewed in Figure 11 at the start and
at the end of the analysis time period, in order to show the brachialis wrapping on the cylinder front
and the triceps wrapping on the cylinder back. The complete time evolution of the muscles” wrapping
on the cylinder is available in Supplementary Materials—Video S2.

%T=0 %T =100
-024 \
|
-0.24
026
-026 -0.28
! E
- > T
028 03
E ‘} =l
>
-0.32
-0.3 4 - i
0.34
-0.32 1
0.1 P }
/015
-0.34 / 0.15
A 02
—— 0.2 ———
0.06 -0.04 -0.02 0 0.02 z[m] — —< 0‘02
x[m] z[m] -0.06 004 -0.02 0 -
x[m]

(a) (b)
Figure 11. Elbow wrapping in the (a) first and (b) the last time instants.

A first quantitative comparison in the framework of the kinematical analysis is shown in Figure 12
on the muscles’ fibre length I,;;, which also accounts for the muscle wrapping.

Muscle fiber length (Matlab) Muscle ﬂPer length ((?penSim)

0.18

0.16 0.16 [

TRllong TRIlong

TRIlat TRIlat
TRimed TRImed
0.14 BiClong | 0.14 BIClong

BICshort
ERA

BlCshort
BRA

E E ool
= 012 = 012
0.1 01+
0.08 / J 0.08 - /
0.06 . . ! 0.06
0 02 0.4 06 08 1 0 02 0.4 06 08 1
t[s] t[s]
(a) (b)

Figure 12. Muscles’ fiber lengths comparison: (a) Matlab (a) and (b) OpenSim.
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Given that the comparison is satisfactory, the unique noticeable difference is related to the long
biceps fibre length, probably due to a different wrapping algorithm used by the OpenSim software.
After the kinematical analysis, the results of the inverse dynamics are shown in the Figure 13, in which
the comparison between OpenSim and Matlab is made on the driving forces (rheonomic Lagrange
multipliers A;). The inverse dynamics outputs result in a very satisfactory match between the Matlab
model and the OpenSim software.

Inversg dynamics (Matlab) Inverse dynamics (OpenSim)

Shoulder

Elbow Shoulder
Elbow

¢

A [Nm]

0 02 0.4 0.6 0.8 1
t[s]

(a) (b)

Figure 13. Inverse dynamics comparison: (a) Matlab and (b) OpenSim.

The tool “Static Optimization” in OpenSim does not take into account the muscle passive force
and allows choosing between the physiological criterion by using the muscle’s force-length—velocity
relationships or not. In the latter option the muscular activation a is intended as the ratio between the
muscle force F;; and the maximum isometric force Fp, bounded between 0 and 1. In the configuration
of non-physiological criterion, the comparison on the muscles’ activation is shown, respectively,
in Figure 14. The comparison of the muscle forces is not shown because in this case the forces are
proportional to the activations. The evaluated activations a calculated with the Matlab model are
slightly underestimated with respect to the ones evaluated by OpenSim, which, moreover, show
some discontinuities.

The results obtained with the physiological criterion but not taking into account the passive
muscle forces are shown in Figure 15, in terms of muscle activations 4, and in Figure 16, in terms
of muscle forces F;,. In this configuration there are small underestimations and overestimations in
different parts of the time period and the OpenSim software returns some discontinuities, regarding
both the activations and the muscle forces.
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Figure 14. Muscles’ activations with non-physiological criterion and no passive forces: (a) Matlab and
(b) OpenSim.

0.2

Figure 15. Muscles’ activations with physiological criterion and no passive forces: (a) Matlab and

(b)

Static optimization activation (Ma‘llab_}

TRIlong
TRIlat
TRImed
BIClong
BlICshort
——BRA

(a)

OpenSim.

Static opti
L

activation (OpenSim)

0.2

TRllong
TRIlat
TRImed
BiClong
— BICshort
——BRA

(b)

t[s]




Appl. Sci. 2020, 10, 7760

Static imization force (Matlal

140 -

TRllong
TRlat

120 TRImed
BIClong

BICshort
BRA

Static optimization force (OpenSim)
140 f T T T

TRilong
TRilat

120 | TRimed
BiClong

BICshort
BRA

20 of 26

100 -

80

I:IH [N]
F, IN]

60 -

40

20 -

t[s]

(a) (b)

Figure 16. Muscles’ forces with physiological criterion and no passive forces: (a) Matlab and
(b) OpenSim.

The “Computed Muscle Control” tool in OpenSim [36] allows evaluating the muscle activations,
also considering the passive muscle forces, by calculating through PID controllers the muscle actions
necessary to obtain the minimum difference between the trajectories of the degrees of freedom
simulated with the forward dynamics and the ones known by inverse kinematics. The comparison
results regarding the muscle activation a and the muscle forces F;, are shown respectively in Figure 17
and in Figure 18. In this last configuration, which includes all the analysed phenomena, despite the good
qualitative match between the Matlab model and the OpenSim software, there are some discrepancies,
probably due to the different approaches with respect to static optimization. While the muscle
activations are underestimated, the muscle forces seems to be more similar to each other, except for the
first instants of the time period discussed.

Static optimization activation (Matlab) C d Muscle Control activation (OpenSi
T : T T T

0.6 0.6

TRilong TRllong
TRIlat TRilat
05 TRImed 0.5 TRImed

BICiong BiClong
BICshort BICshort
BRA

BRA

04

02 0.2

0.1

(@) (b)

Figure 17. Muscles’ activations with physiological criterion and passive forces: (a) Matlab and
(b) OpenSim.
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Figure 18. Muscles’ forces with physiological criterion and passive forces: (a) Matlab and (b) OpenSim.

Another interesting result is obtained regarding the residual actuators A,es (which are the rheonomic
Lagrange multipliers A, of Equation (33)), also provided in the OpenSim tools, in this configuration.
With reference to Figure 19, the residual actuators show a similar behaviour, both quantitively and
qualitatively. The quantitative response of the residual actuators shows that the particular muscles’
topology, together with their characteristic parameters listed in Table 5, does not fully satisfy the
equation of motion, since they result from the minimization, but their role is marginal if compared
to the rheonomic Lagrange multipliers coming from the inverse dynamics (Figure 13) and, in fact,
the residual action is needed just to reach the minimization convergence and to complete the calculus,
not for substituting the real actuators represented by the muscles.

Residual actuators (Matlab) i Residuallaciuators (OpenSim)

Shoulder
Elbow

Shoulder
Elbow

0.08 0.08 -

0.06 | 0.06 -

ras [Nm]
res [Nm]

0.04 0.04 -

-

A

0.02 | 0.02

ey . 002t

0 0.2 0.4 06 0.8 1 0
t[s] t[s]

(a) (b)

Figure 19. Residual actuators: (a) Matlab and (b) OpenSim.
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Once the inverse dynamics problem of the musculoskeletal system is solved, the Matlab model
provides the joint reactions. In Figure 20, the joint reactions A, (which are the scleronomic Lagrange
multipliers As of Equation (33)) which act on the upper limb joints during the analysed kinematics
are shown.

Shoulder joint reaction force

Shoulder joint reaction torque

ESEESSEssBsEt=—__.

0 02 04 06 08 1 0 0.2 0.4 06 0.8 1
t[s] tls]
(a) (b)
Elbow joint reaction force 4 i Elbow joint reaction torque

]

=M [Nm

0 0.2 0.4 0.6 08 1
t[s] ts]

(c) (d)

Figure 20. Upper limb joint reactions: (a) shoulder forces, and (b) torques, (c) elbow forces and
(d) torques.

4. Conclusions

The objective of this work was to propose and to describe step by step the procedure to achieve a
general multibody approach able to solve the inverse dynamics problem of a musculoskeletal system,
the upper limb, implemented in a novel code developed in the Matlab environment. By knowledge of
the musculoskeletal system degrees of freedom together with the system’s topology, the model allows
a kinematical analysis based on the evaluation of the constraints” kinematical behaviour. Subsequently,
associating an actuator for each degree of freedom and including the external forces, the inverse
dynamics is solved by calculating the rheonomic Lagrange multipliers, related to the driving actions
that lead the system to move following the known kinematics. The knowledge of the muscles’ topology
leads the kinematical analysis to evaluate the muscle paths between the bodies and around the
wrapping surfaces fixed to the bodies: in the case of wrapped muscle, an algorithm based on the
calculus of geodesic curves is used. The muscle paths are involved in the elaboration of the muscles’
lengths, deformation velocities and pennation angles, in order to include in the equation of motion,
through the Hill muscle model, the muscles’ passive forces and the muscles” activations. The last step
of the model is to analyse the muscular recruitment through static optimization: the evaluation of the
set of muscles’ activation levels and joint reaction forces, able to minimize the global activation and to
satisfy the equation of motion.
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The effectiveness of the model was examined by its application on an upper limb model subjected
to a simple kinematics and to gravity forces. All the inputs data were taken from the OpenSim software
and the simulation results were compared with the ones provided by the software, obtaining a general
satisfactory qualitative and quantitative matching:

- despite the kinematical analysis, exactness is noticeable, the only difference found was a small
overestimation of the long biceps muscle fibre length, probably due to the different wrapping
algorithm used by OpenSim;

- the inverse dynamics in terms of driving force results were almost completely matched;

- the static optimization was characterised by a general underestimation of the muscles’ activations
in all the cases considered (both physiological and non-physiological criterion in absence of passive
muscles’ forces and physiological criterion considering the passive muscle actions compared
with the Computed Muscle Control tool of OpenSim). The underestimation was regained by
comparing the muscle forces, the differences were probably due to the different approaches in the
minimization techniques and, certainly, to the different approach to the inverse dynamics of the
Computed Muscle Control;

- the good outcome of the comparison was also confirmed by the matching of the residual actuators.

In summary, with the limitation of its validation with only one imposed upper limb kinematics,
the model resulted as a suitable, open and fully controllable tool in the framework of the multibody
musculoskeletal dynamics of the human upper limb. However, despite the model being characterised
by the accurate analytical description of important muscular phenomena (muscle dynamics, recruitment
and wrapping), it has to process more complex kinematics in order to perform a more accurate validation
and to design a fully in silico optimization model of the artificial human joints. The deepening of the
involved phenomena is always a stimulating necessity, in order to understand more clearly the human
body mechanical behaviour, so future research perspectives will be devoted to:

- afull validation with more upper limb kinematics;

- the application of the model in the framework of the lower limb musculoskeletal system, in order
to compare the simulated joint reactions with the in vivo measurements during the gait analysis;

- the coupling of the model with a lubrication one, in order to estimate the wear of an artificial
joint or to evaluate the joints friction forces or torques to include in the equation of motion as
non-conservative actions;

- the upgrade of the model by including the forward dynamics, in order to make a detailed
comparison with the Computed Muscle Control tool of the OpenSim software;

- the deepening of the Hill muscle model, in order to include the tendon dynamics;

- the possible applications of the model in the framework of the biomechatronics and robotics fields.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/21/7760/s1,
Video S1: Inverse kinematics, Video S2: Elbow wrapping.
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Abbreviations

q Lagrangian coordinates

t Translation vector

o Unit quaternion vector

R Rotation matrix

u Local position vector

r, v, a Position, velocity and acceleration vector in the ground reference frame

nB, Ngof, Me Number of bodies, degrees of freedom and constraints

C Constraint equations

Cq Constraint (Jacobian)

0 Rotation axis unit vector

Ddof Degrees of freedom vector

M Mass matrix

Q Generalised force vector

A Lagrange multipliers

], g Coordinate change matrix

I Tendon length

I Muscle fibre length

Um Muscle fibre deformation velocity

Wi Muscle width

@p Muscle fibre pennation angle

Fcr Muscle contractile element force

Fpg Muscle passive element force

Fn Muscle force

lo, ag Optimal muscle fibre length and the related pennation angle

Fo Maximum isometric force

Lint, Omt Musculotendon length and deformation velocity

x(u,v), f(x) Surfaces’ parametric and implicit equations

s Curvilinear coordinate

c Curve

tab Tangent, normal and binormal unit vectors

D, Muscle (Jacobian)

a Muscle activation vector

Ar, Ag Lagrange multipliers related to the rheonomic constraints (or residual

actuators) and to the scleronomic constraints (or joint reactions)
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