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AUTOMATED SYSTEM FOR DETERMINING THE DEFORMATION FIELD OF A
LOWER-LIMB RESIDUAL LIMB BASED ON MATRIX PROCESSING OF
MEASUREMENT DATA

The paper considers the problem of automated determination of the deformation field of a lower-limb residual limb based
on contact measurements and matrix processing of experimental data. The relevance of the study is determined by the need to
improve the accuracy of individual prosthesis design, since traditional methods for determining residual limb parameters mainly
describe its geometric shape but do not fully account for the deformation response of tissues under local loading. An approach is
proposed in which the residual limb surface is represented as a discrete set of contact points corresponding to the cells of a matrix
measurement system. For each local loading case, a displacement vector of all contact points is formed, and the set of such vectors
/s combined into an experimental data matrix. After normalization by the applied pressure, this matrix is interpreted as a mutual
Influence matrix describing the spatially distributed deformation response of the surface. Based on the obtained matrix representation,
a method for reconstructing the residual limb geometry and estimating local deformation characteristics is proposed. The developed
approach can be used as a mathematical basis for creating automated residual limb analysis systems and for further design of
individual prostheses.

Keywords. automated system, lower-limb residual limb, deformation field, contact measurements, matrix data processing,
measurement system, smoothing, surface reconstruction, prosthetics.

PYIKOBCBHKUU Imns, CTEJIbMAX Haranis

Hauionanbuuii TexHiuHui yHiBepeuTeT Ykpainu «KuiBcbkuii mositexHiuHuii iHcTuTyT iMeHi Iropst Cikopcebkoro»

ABTOMATH30BAHA CUCTEMA BU3HAYEHHS 11OJIs1 JTE®OPMAIIINA KYKCH
HHM>KHbOI KIHIIBKH HA OCHOBI MATPUYHOI'O OITPAIIIOBAHHSA
BUMIPIOBAJIBHUX JAHUX

Y crarri po3rniaHyTo npobrieMy aBTOMAatu30BaHOI0 BUIHAYEHHS 1019 AEPOPMAaLIv KyKCu HUKHBOI KiHLIBKM Ha OCHOBI
KOHTaKTHUX BUMIDIOBaHb | MAaTpuYHOro OfpaLioBaHHS EKCIIEPUMEHTA/IbHUX AdHUX. AKTYalbHICTb AOCIKEHHS 3YMOBJIEHA
HEOBXIAHICTIO MIABULLEHHS TOYHOCTI iHANBIAYA/IbHOMO ITPOEKTYBAHHSA MPOTESIB, OCKIIbKU TPAAULIVIHI METOAN BUSHAYEHHS TapaMeTpiB
KYKCU [IEPEBAXHO OIMUCYIOTb ii FrEOMETPUYHY OPMY, MPOTE HE [10BHOK MIPOO BPAXOBYIOTb AEQGOPMALIVIHUI BIATYK TKAHUH 114 AIE0
JIOK3/IbHOIO HaBaHTA)XEHHS. 3arporoHOBaHO 1iaxif, 33 SKOro MOBEPXHIO KYKCH MOAAHO K AUCKDETHY MHOXWUHY KOHTaKTHUX TOYOK,
1O BIAroBIAaIOTs KOMIPKaM MAaTpUYHOI BUMIDIOBA/IbHOI CUCTEMU. [I/1S KOXHOIrO BUNAAKY JIOKa/IbHOrO HaBaHTAXEHHS @OPMYETbCS
BEKTOP IMEPEMILLEHD YCIX KOHTAKTHUX TOYOK, a CYKYITHICTb Taknx BEKTOPIB 00 EAHYETLCS B MATPULIIO EKCIIEPUMEHTA/IbHUX AannX. [Ticis
HOPMYBaHHSI 3@ BEMYNHOK [PUKIBAEHOrO TUCKY LS Matpuyss [HTEPIPETYETLCS 5K MAatpuls B3AEMHOrO BI/MBY, LUO OfUCYE
1IPOCTOPOBO PO3ITOAINIEHMI AEPOPMALIIVIHMA BIArYK MOBEPXHI, Ha OCHOBI OTPUMAHOIrO Matpu4yHOro rofaHHs 3arporoHOBaHO METOA
PEKOHCTPYKLIIi r€OMETPIi KyKCU Ta OLIHIOBAHHS JIOKa/IbHUX AEQDOPMALIVIHUX XapaKTEPUCTUK, Po3pobrieHni rigxig Moxe 6yt
BUKOPUCTaHMI SK MateMaTwdyHa OCHOBA /15 CTBOPEHHS aBTOMATU30BaHUX CUCTEM aHaslizy KyKcv Ta I104a/IbLIOMO ITPOEKTYBAHHS
[HAMBIAYa/IbHUX MTPOTE3IB.

KIo40BI ¢/10Ba.; aBTOMAaTU30BAHa CUCTEMA, KYKCa HUXHBOI KIHLIBKY, 110716 AEQOPMALIIV, KOHTAKTHI BUMIDIOBAHHS, MATPUYHE
onpayroBarHHs AaHnx, BUMIPIOBA/IbHA CUCTEMA, 3I/1afKyBaHHS], PEKOHCTDYKUIS MOBEDXHI, TPOTE3yBaHHS.
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INTRODUCTION

Modern lower-limb prosthetics requires accurate consideration of the individual geometric and mechanical
characteristics of a patient’s residual limb. One of the key elements of a prosthesis is the prosthetic socket, which
directly contacts the residual limb and ensures load transfer between the human body and the prosthetic structure. A
mismatch between the residual limb shape and the socket geometry may lead to nonuniform contact pressure
distribution, local tissue overload, discomfort, and reduced functional efficiency of the prosthesis [1].

Methods for measuring interface pressure and sensor systems are used to evaluate the interaction between
the residual limb and the prosthetic socket, providing information about local loads in the contact area [2, 3].
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Experimental systems for measuring interface pressure during walking also confirm the need to analyze not only
individual contact points but also the spatial distribution pattern of loading [4]. Numerical modeling, in particular the
finite element method, is used to analyze the stress-strain state in the “residual limb — prosthetic socket” system and
to assess the influence of socket design parameters on load distribution [5, 6]. A separate issue is the change in the
shape and volume of the residual limb, since such fluctuations affect contact pressure distribution, socket fit, and the
stability of the interaction between the residual limb and the prosthesis [7].

A separate research direction in the study of biological tissues is associated with the application of biomedical
imaging and structural analysis methods. In particular, [8] presents approaches to assessing bone tissue structure
during osseointegration, demonstrating the importance of combining measurement methods with subsequent
processing of spatial data. At the same time, such approaches are mainly focused on the analysis of internal tissue
structure, whereas for prosthetic socket design it is important to determine the contact deformation response of the
residual limb surface under local loading.

To transition from separate local measurements to an integral representation of the deformation state, it is
advisable to use matrix processing of measurement data. This approach is consistent with methods of discrete inverse
problems and system identification, in which object parameters are determined from its response to controlled input
actions [9, 10]. This paper proposes a mathematical model and a data processing method for an automated system for
determining the deformation field of a lower-limb residual limb based on sequential local loading of measurement
cells and the formation of a mutual influence matrix.

MATERIALS AND METHODS

To determine the deformation field of a lower-limb residual limb, a matrix contact measurement system is
used, in which the object surface interacts with a set of discrete measuring elements. Each element corresponds to a
separate contact point and provides local loading of the corresponding surface region, followed by registration of its
spatial position.

The measurement procedure is based on sequential loading of individual system cells. At the initial stage,
the baseline surface configuration is recorded under minimum compression.

Then, controlled pressure is applied to each active cell, after which the spatial positions of all contact points
are registered. This scheme makes it possible to obtain not only the local response of the active region but also changes
in the positions of other surface points.

The input data include the coordinates of contact points in the baseline state, the coordinates of these points
after local loading, the value of the applied pressure, and the discretization parameters of the measurement system.
Based on these data, the displacements of contact points are determined, a set of displacement vectors is formed for
all measurement steps, and an experimental data matrix is constructed.

The results are processed using a matrix representation of the measurement information. To eliminate the
influence of different loading levels, the displacement matrix is normalized by the applied pressure values. The
obtained normalized matrix is used as a mutual influence matrix characterizing the deformation response of the
residual limb surface to local loading.

Mathematical Model and Data Processing Method

The mathematical model of data processing is based on representing the residual limb surface as a discrete set of
contact points corresponding to the cells of the measurement system. Since the lower-limb residual limb can be
approximately described as an object close to a cylindrical shape, the coordinate system (6,z) is used for surface
parameterization, where 8 is the angular coordinate and z is the coordinate along the residual limb axis. The position of a
surface point is defined as:

r(6,2) cos @
r(0,2) = [r(B, z) sin 0].
z
where 1 (6, z) is the radial function that defines the surface shape.

To transition to a discrete model, a grid of contact points is introduced. Let Ny denote the number of cells
along the circumference and N, the number of levels along the height. Then the total number of measuring elements
is defined as:

N=Ng-N,

Each cell corresponds to a contact point 7;;, where i = 1, ..., Ny, j = 1, ..., N,. The baseline position of the

contact point under initial compression is denoted as rl-(]’-, while the position of the same point after applying local
loading to the k-th cell is denoted as riﬁ.k).
The displacement of a contact point is defined as the difference between its current and baseline positions:

(k) _ .(K) 0
ij =T —Tj

u ij i
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To obtain a scalar deformation characteristic, the normal component of displacement is used. If n;;is the unit
normal vector to the surface at the contact point, then the normal displacement is defined as:
4% = .
i

= U; n

ij

This makes it possible to transition from a spatial vector description to a discrete field of normal
displacements  characterizing the deformation response of the surface to local influence.
For each measurement step, a displacement vector is formed:

4@ = g0 g® 4w
) 5 e dy
After sequential loading of all cells, the obtained vectors are combined into a displacement matrix:
[d(l) d(z) d(N)]
| 1 1 1 I
® (2 (N)
D = |d2 dz dZ I
dP a? . d,(v”’J

The element D;; = di(] ) defines the displacement of the i-th contact point under active loading of the j-th cell.

Thus, each column of the matrix describes the spatial response of the entire system to one local influence,
while each row describes the response of a separate contact point to all sequential loadings.

Since the pressure in different cells may have different values, the displacement matrix is normalized by the
applied pressure. For this purpose, a diagonal matrix is introduced:

P =diag(Py, ..., Py),

where P, is the pressure applied to the active cell at the k-th step. The normalized displacement matrix is

defined as:
D=pp

Within the proposed model, this matrix is considered as an estimate of the mutual influence matrix:
H=~D

The matrix His the main object of further processing. Its diagonal elements H;;characterize the local response
of the corresponding surface region, whereas the off-diagonal elements H;j, i # j, reflect spatial interaction between
different contact points. This approach makes it possible to consider the deformation field not as a set of independent
local measurements but as an interconnected matrix structure.

Based on the obtained data, the surface geometry of the residual limb is estimated. The generalized position
of the i-th surface point is defined as the average over all measurement states:

1 :
ffp— (k)
‘r'l. = N £ ‘r'l,

S =@7li=1,..,N}

defines a discrete reconstruction of the residual limb surface. To transition to a continuous description, this
set can be approximated by the function r* (6, z).

Local deformation characteristics are determined based on the relationship between displacement and applied
pressure. Local compliance can be estimated as:

The set of points

d"
P;
The corresponding local stiffness index is written as:
P
ki = 7© l+ s
L
where §is a small positive value introduced to avoid division by zero at small displacement values.
The generalized data transformation path in the proposed model can be represented as:

{rig'k)!ri(}!ni]"Pk} - ul(]k) - dl(]k) -D- 5 = DP_l - H- (S*;K)

C; =

where K = {k{ | i = 1, ..., N}is the set of local deformation characteristics. Thus, the proposed model provides a
complete transition from primary contact measurements to reconstructed surface geometry and estimation of its local
deformation properties.

Data Processing Algorithm

The data processing algorithm implements the sequential application of the proposed mathematical model to
the results of contact measurements. Its purpose is to transform the primary coordinates of contact points and the
values of applied pressure into a mutual influence matrix, reconstructed surface geometry, and local deformation
characteristics.
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At the initial stage, input data are entered and ordered: coordinates of contact points in the baseline state,
coordinates after local loading, surface normals, applied pressure values, and the number of measurement cells. After
that, the initial index of the active cell is specified, and an empty displacement matrix is formed, which is then filled
with the results of sequential measurement steps.

The main part of the algorithm is implemented as a loop over all cells of the system. For each active cell, the
correctness of the applied pressure value is checked. If the pressure is positive, the displacements of contact points
relative to the baseline state are calculated, after which their normal components are determined. The obtained values
form a displacement vector for the current measurement step, which is written to the corresponding column of the
experimental data matrix. If the pressure value is incorrect, the corresponding step is skipped or marked as requiring
repeated measurement. The general structure of the data processing algorithm for the matrix contact measurement
system is shown in Figure 1.

As aresult of the algorithm execution, a set of output data is formed, including the reconstructed surface S*,
the set of local deformation characteristics K, and the mutual influence matrix H. This algorithm ensures the practical
implementation of the matrix model and can be used as a basis for further software implementation of an automated
residual limb analysis system.

(_‘7 Start 7)

Input data:
r_digee, e_dijn(kd,
n_dij, P_k, N

| Initialization: |

=N 7 J—
3

| read data for k: |

YES
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— — NO
—_ r- k=07 =

* th

Uit (kY = r_iin(k) - r_iito
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Fig. 1. Block diagram of the data processi;g @ori_thm for the matrix contact measurement system

RESULTS AND RELEVANCE

The result of the conducted study is a mathematical model for processing data from a matrix contact
measurement system, which ensures the transition from the primary coordinates of contact points and applied pressure
values to a generalized description of the deformation response of the residual limb. Unlike approaches in which each
point is analyzed independently, the proposed model allows mutual influence between different surface regions to be
taken into account.

The main result of processing is the mutual influence matrix H, which is formed based on the normalized
displacement matrix. Its diagonal elements characterize the local response of individual contact points to the applied
load, while the off-diagonal elements reflect the spatial interaction between different surface regions. Thus, the matrix
H can be used as a discrete representation of the residual limb deformation field.
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The proposed model makes it possible to obtain the following results:
e reconstructed discrete geometry of the residual limb surface S*;
e mutual influence matrix H, describing the spatial deformation response;
e local compliance map c;;
o local stiffness map k;;
e structured representation of measurement data suitable for further software implementation.

The practical value of the proposed approach lies in the fact that contact measurement results can be transformed
into a form suitable for automated analysis and further use in the process of prosthetic socket design. In particular, the map
of local deformation characteristics can be used to identify regions with increased or decreased compliance, which is
important for the rational distribution of load between the residual limb and the prosthetic structure.

A separate advantage is the possibility of combining geometric and deformation descriptions of the surface.
While traditional scanning mainly allows the shape of the residual limb to be obtained, the proposed approach
supplements geometric information with data on the surface response to local loading. This creates a basis for more
accurate individual adjustment of prosthesis parameters.

The proposed model is also convenient for further numerical and software implementation, since all main
data are represented as vectors and matrices. This makes it possible to use standard methods of linear algebra, filtering
algorithms, regularization, and surface approximation. In the future, the model can be extended by taking into account
nonlinear tissue behavior, measurement errors, different loading modes, and individual patient limitations.

The obtained results confirm the feasibility of using a matrix approach for automated determination of the
deformation field of a lower-limb residual limb. This approach makes it possible to form an integral representation of
the object based on sequential local measurements and can be used as a basis for further development of computer-
integrated systems for designing individual prostheses.

CONCLUSIONS

As a result of the conducted study, a mathematical model for processing data from a matrix contact
measurement system was developed to determine the deformation field of a lower-limb residual limb. The residual
limb surface was represented as a discrete set of contact points corresponding to the cells of the measurement system.
This made it possible to formalize the process of sequential local loading and registration of spatial displacements of
all contact points.

A matrix representation of measurement data was proposed, in which each column of the displacement matrix
describes the response of the entire system to the loading of a separate cell. This approach provides a transition from
independent local measurements to a generalized description of the deformation response of the surface.
Normalization of the displacement matrix by the applied pressure made it possible to introduce the mutual influence
matrix H, which characterizes the relationship between local loading and displacements of different surface regions.

3anpornoHoBaHa MOJENb 3a0e3Medye OMHOYaCHE OTPUMAaHHS PEKOHCTPYHOBAHOI TeOMETPii MOBEPXHI KYKCH
ta The proposed model provides simultaneous reconstruction of the residual limb surface geometry and estimation of
local deformation characteristics, in particular compliance and stiffness. The developed data processing algorithm
defines the sequence of transformation of primary measurement data into output parameters S*, K, and H, which
creates a basis for further software implementation in automated systems for prosthesis analysis and design.

The practical significance of the proposed approach lies in the possibility of supplementing geometric
information about the residual limb with data on its deformation behavior under local loading. This can improve the
accuracy of individual adaptation of prosthetic socket parameters and ensure a more justified distribution of load
between the residual limb and the prosthetic structure.
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