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Abstract: The human body maintains balance using somatosensory, visual, and vestibular inputs. Individuals with lower limb 
amputations experience balance deficits due to reduced feedback, leading to a reorganization of their balance control system. 
We applied controlled perturbations to transtibial (TTA) and transfemoral amputees (TFA), and able-bodied controls, while 
an inverted pendulum model was used to analyze balance control properties. TFA participants exhibited frequency-specific 
phase deficits without vision and markedly reduced proprioceptive weights despite preserved gain magnitudes, even during 
eyes-open conditions. These results suggest distinct postural control adaptations in amputees compared to controls. 
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I. Introduction 
The human body continuously adjusts its posture to 
maintain balance against internal and external 
perturbations. Minor disturbances are managed using the 
ankle strategy for stabilization in the anterior-posterior 
(AP) direction [1]. More challenging situations may call 
upon the hip strategy [2]. This complex process relies on 
somatosensations (proprioception and tactile feedback), 
vision, and the vestibular system. Somatosensory 
information is the fastest and most dominant input, 
accounting for approximately 70% of balance control, 
while vision and vestibular inputs provide the remaining 
10% and 20%, respectively [3]. 

Individuals with lower limb amputations face significant 
balance impairments. The loss of ankle strategy control and 
limited sensory feedback often result in an increased load 
on their remaining intact leg, leading to compensatory 
movements and altered center of pressure (COP) patterns 
[4]. These biomechanical changes force amputees to 
reorganize their balance control systems, relying more 
heavily on visual and vestibular feedback [5]. 

In this work, we applied controlled balance perturbation 
and measured the body's response to develop a transfer 
function and infer properties of the balance control system 
of amputees. We used an inverted pendulum model to 
identify the proportion of proprioceptive feedback, the 
neural delays, and how different balance strategies are 
employed in this population [3]. 

II. Material and methods 
II.I. Participants 
Seven individuals with a unilateral transtibial amputation 
(TTA, 57 ± 27.03 yrs.; 179.20 ± 4.70 cm; 79.94 ± 8.72 kg), 
seven individuals with a unilateral transfemoral amputation 
(TFA, 49 ± 26,65 yrs.; 186.60 ± 8.19 cm; 74.42 ± 7.42 kg) 
and 19 able-bodied individuals (57 ± 17.44 yrs.; 176.09 ± 
9.78 cm; 72.89 ± 12.94 kg) participated in this study, which 
was approved by the University of Freiburg’s ethics 
committee (21-1245 and 24-1444_1-S1). All participants 
provided informed consent before participating in this 
study.  

II.II. Data Collection 
Participants stood on a motorized force platform (Kistler 
9286, Winterthur, Switzerland) that rotated in the AP 
direction in a pseudorandom ternary sequence of 0.5° or 1°. 
Trials lasted 60 seconds and were performed both with eyes 
open (EO) and eyes closed (EC). A motion capture system 
(The Captury GmbH, Saarbrücken, Germany) recorded 
kinematic data at 100 Hz.  

II.III. Transfer Function and Model Fitting 
The platform rotation stimulus (𝜃𝜃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑓𝑓)) was used as 
the input signal and the respective body segment angles 
(𝜃𝜃𝐶𝐶𝐶𝐶𝐶𝐶(𝑓𝑓)) were used as output to estimate a transfer 
function 𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒(𝑓𝑓) (1). 

𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒(𝑓𝑓) =  𝜃𝜃𝐶𝐶𝐶𝐶𝐶𝐶(𝑓𝑓)
𝜃𝜃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑓𝑓)

                              (1) 
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We fitted a neuromechanical model representing the 
transfer function from platform rotation to center of mass 
(COM) angle (2). 

𝐻𝐻(𝑠𝑠)  =  �𝑊𝑊𝑊𝑊⋅𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾⋅𝑠𝑠 + 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵⋅𝑠𝑠2�
(𝑠𝑠⋅𝐵𝐵𝐵𝐵 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾⋅𝑠𝑠 + 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵⋅𝑠𝑠2)

        (2) 

In (2), an inverted pendulum model represented the body 
dynamics (𝐵𝐵𝐵𝐵 = 𝐽𝐽𝑠𝑠2 − 𝑚𝑚𝑚𝑚ℎ), with the moment of inertia 
(J) and gravitational restoring torque (mgh) capturing 
physiological constraints of upright stance.  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =
(𝐾𝐾𝐷𝐷𝑠𝑠2 + 𝐾𝐾𝑃𝑃𝑠𝑠 + 𝐾𝐾𝐼𝐼) ∙ 𝑒𝑒−𝑇𝑇𝑇𝑇𝑇𝑇 represented a proportional, 
integral and derivative (PID) neural controller with time 
delay. 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 was the passive stiffness and 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 was the 
passive damping. 𝑇𝑇𝑇𝑇 represented the sensorimotor 
processing delay in seconds and 𝑊𝑊𝑊𝑊 the sensory weighting 
(proprioceptive contribution). Initial estimates were: 𝐾𝐾𝐼𝐼 =
100 (fixed), 𝐾𝐾𝑃𝑃 = 950, 𝐾𝐾𝐷𝐷 = 250, 𝑊𝑊𝑊𝑊 = 0.8, 𝑇𝑇𝑇𝑇 =
0.15 𝑠𝑠, 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 = 90 Nms/rad (fixed) and 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =
60 Nms/rad (fixed). The fmincon function in MATLAB 
implemented the interior-point algorithm to minimize the 
normalized complex transfer function error. 

III. Results and discussion 
The results showed a clear difference between controls and 
transtibial and transfemoral amputees in gain across visual 
conditions and perturbation angles, but these differences 
were less markedly in the phase (Fig. 1). These results 
suggest distinct responses to the perturbation stimuli, 
meaning an adapted postural control system after following 
a lower limb amputation. The able-bodied controls 
presented an increased gain overall, which suggests 
increased reaction to stimuli than amputees. Differences in 
model parameters were also observable between controls 
and amputees (Table 1), suggesting changes in the overall 
neural control of their COM. 

 
Figure 1: Gain and phase results (mean and SE). 

Table 1: Results of the model. Mean (SE). 

IV. Conclusions 
We modeled postural control in lower limb amputees by an 
inverted pendulum and a delayed PID controller. Kinematic 
data was recorded during rotational perturbations of the 
ankle joint. We observed significant changes in the transfer 
function of amputees with respect to controls and neural 
parameters of the modelled control system.  
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