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4.3 Task 
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tion are preferred that entail less effort compared to alternative solutions. Computer simulations based 
on the optimisation of mathematical functions are therefore very promising approaches to predict pos-
ture and motion of biomechanical human models. 
The dynamics of the human musculoskeletal system can be described by equation (1). 

푦̇⃗(푡) = 푓(푢(푡), 푦(푡), 푡)  (1) 

Here 푦⃗(t) is the skeletons physical state vector consisting of the joint angles, the corresponding gener-
alised speeds as well as additional states of the muscles like tendon length, contraction velocity and 
level of activation. The time derivative of the state 푦̇⃗(푡) depends on the current state and the current 
control vector 푢⃗(푡). Controls are time dependent neural signals that activate the muscles and lead to 
torque generation in the joints. Under a simplified point of view without considering muscles one can 
also directly apply torques to the joints and regard these as controls. The evolvement of the state (= 
motion) is simulated by integrating equation (1) over time. Hence predicting human motion means to 
determine a set of control signals 푢⃗ that lead to the achievement of a task defined by the interaction 
protocol described in section 3. Due to the kinematic and dynamic redundancies of the human muscu-
loskeletal system there is usually no unique solution to this problem. Instead one has to settle for find-
ing a best solution		푢⃗ (푡) that minimises an objective function 퐽 given in (2). 

퐽(푢⃗(푡), 푦⃗(푡), 푡) = ∫ 푙(푢⃗(푡), 푦⃗(푡), 푡)푑푡  with 푦̇⃗ = 푓(푢, 푦, 푡)  (2) 

This objective function assesses the motion (state and control) of the human model by means of arbi-
trary optimality criteria encoded by the cost value 푙 that is associated with each time step. Possible 
optimality criteria are discussed further below. The optimal control signals		푢⃗ (푡) are consequently 
the solutions of the following dynamic optimisation problem. 

푢⃗표푝푡(t) = 푎푟푔푚푖푛		퐽(푢⃗(푡), 푦⃗(푡), 푡) (3) 

Optimal control problems of this type can be solved by several numerical methods [Todorov 2006]. A 
limiting factor for the application on complex dynamic systems like the human body however is that 
most of the algorithms are computationally extreme costly. 
An exception to this is the iterative linear quadratic regulator (iLQR) method that was originally pub-
lished by Todorov and Weiwei [2005]. It would go beyond the scope of this contribution to cover all 
the mathematical details. Instead only the coarse working principle of iLQR and how it is employed to 
predict human motion within virtual testing of use is explained. The algorithm takes advantage of the 
fact that for linear system dynamics and objective functions quadratic in 푢⃗ the solution to the optimal 
control problem is relatively straightforward. Unfortunately musculoskeletal dynamics are highly non-
linear. The idea of iLQR is to iteratively use linear approximations of the system dynamics function 
(1) and quadratic approximations of the objective function (2) to construct a sequence of solutions that 
finally converges to the exact solution. The methodology actually yields an optimal feedback control-
ler which means that not only the controls 푢⃗ are determined but also feedback gains that could be used 
to correct the motion from external disturbances. An iLQR controller was implemented on top of the 
biomechanical simulator OPENSIM and applied to the demonstrator introduced in section 4.1. The task 
(inserting a gear by moving a lever) has been formulated using the interaction protocol described in 
the previous section. This information now is used to set-up the musculoskeletal simulation. The 
boundary conditions (buttocks on seat, right hand on lever) are implemented by inserting two kinemat-
ic constraints into the musculoskeletal model (Figure 8). The action goal (rotate the lever to 훼 =
20	°) is used to derive the optimality criteria for the iLQR controller. The resulting objective function 
is given in equation (4). 

 퐽 = |α(T) − 훼 |+|훼̇(푇)| + ∫ 푢⃗(푡) ∙ 푢⃗(푡)푇−1
0 	푑푡  (4) 
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to export parts of the product model (the human machine interfaces) from the CAD environment into 
the biomechanical simulation system. A prototypical interface between OPENSIM and the CAD system 
CREO/PARAMETRIC (PTC) has been developed that allows exporting arbitrary parts or sub-assemblies 
of the product model into the multibody simulator. Therefore the mass properties of the parts and the 
kinematic constraints to the surrounding assembly are analysed automatically. 

5. Summary and outlook 
A growing awareness of health in society emphasises the importance of a user-centred design process.  
More than in former times design engineers will have to focus on product ergonomics. Since ergonom-
ic product properties are related to the interaction processes with the user, the importance of testing for 
use is also growing. However traditional testing concepts are time consuming and costly because they 
usually require the manufacturing of physical mock-ups and the conduction of experiments involving 
multiple test persons to cover the characteristics of the target user group. In this paper therefore bio-
mechanical human models were proposed as a possibility to simulate ergonomic aspects of user-
product interaction already in the early stages of the development process. 
Hereby designers are enabled to predict and quantify the relationship between design parameters and 
the level of biomechanical stress effects prevalent during product use within the users organism. To 
improve the ergonomic quality of products the design is adjusted so that stress indicators like muscular 
activity are kept at a moderate level. Despite the application of biomechanical simulations in design is 
currently not very widespread. The dependence on experimental data for the specification of human 
behaviour and the unsatisfying integration with existing methods and tools of virtual product devel-
opment were identified as the main hurdles. The benefit of the concept for a virtual biomechanics la-
boratory presented in this paper is the seamless integration into an existing CAD/CAE environment. 
Designers are not confronted with experimental data and anatomical details on biomechanical model-
ling. Due to the computational separation of product model and user model it is possible to take ad-
vantage of a huge number of sophisticated CAE algorithms to resemble the behaviour of the product. 
This is especially important since many products today are mechatronic systems that can’t be analysed 
using solely multibody dynamics. The most crucial but also the most challenging aspect of virtual 
simulation of use is however the prediction of human behaviour. Based on a task oriented formulation 
of user-product interaction an optimal control algorithm is employed to synthesise the motion of the 
user. Even though this is regarded a promising approach its validity has not been verified yet. Future 
research will therefore have to address the experimental validation of motion prediction methods. 
Equally the implementation of the concept presented is still incomplete. In particular the task oriented 
interaction protocol and the computational interfaces to perform a co-simulation of user model and 
product model require additional effort to become usable in industrial applications. 
Another important question is how designers have to interpret the results of a biomechanical analysis. 
Stress indicators at first glance tell little about what design changes could improve the ergonomic 
properties of the product. The simulation system therefore should provide the designer with guidance 
to design improvements by mapping the results back into the space of design parameters. 
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